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ABSTRACT

Multimillion-atom molecular dynamics (MD) simulations have been performed
to study the flat InAs overlayers with self-limiting thickness on GaAs square
nanomesas. The in-plane lattice constant of InAs layers parallel to the InAs/GaAs(001)
interface starts to exceed the InAs bulk value at 12th monolayer (ML) and the
hydrostatic stresses in InAs layers become tensile above ~ 12th ML. As a result, it is
not favorable to have InAs overlayers thicker than 12 ML. This may explain the
experimental findings of the growth of flat InAs overlayers with self-limiting thickness
of ~ 11 ML on GaAs nanomesas. We have also examined the lateral size effects on the
stress distribution and morphology of InAs/GaAs square nanomesas using parallel
molecular dynamics. Two mesas with the same vertical size but different lateral sizes
are simulated. For the smaller mesa, a single stress domain is observed in the InAs
overlayer, whereas two stress domains are found in the larger mesa. This indicates the
existence of a critical lateral size for domain formation in accordance with recent
experimental findings. The InAs overlayer in the larger mesa is laterally constrained to
the GaAs bulk lattice constant but vertically relaxed to the InAs bulk lattice constant,
consistent with the Poisson effect. Moreover, we have calculated surface energies of
GaAs and InAs for the (100), (110), and (111) orientations. Both MD and the
conjugate gradient method are used and the results are in excellent agreement. Surface
reconstructions on GaAs(lOO) and InAs(IOO) are studied via the conjugate gradient
method. We have developed a new model for GaAs(lOO) and InAs(lOO) surface
atoms. Not only this model reproduces well the surface energies for the (100)
orientation, it also yields (1x2) dimer lengths in accordance with Ab initio calculations.
Finally, a series of molecular dynamics simulations are performed to investigate the
behavior under load of several <001> and <011> symmetrical tilt grain boundaries

x
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(GBs) in diamond. These MD simulations are based on the bond-order analytic
potential. Crack propagation in polycrystalline diamond samples under an applied load
is simulated, and found to be predominantly transgranular rather than intergranular.

xi
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CHAPTER 1
INTRODUCTION

With the rapid development of computer technology in recent years, computer
simulations have become increasingly important in both science and engineering.
Computer simulations are considered the third branch of scientific research, bridging the
gap between laboratory experiments and analytical theories.

Laboratory experiments

provide first-hand observations of complex natural phenomena, from which analytical
theories are developed. For large, complex systems, the analytical theories usually involve
very complicated mathematical equations, which have no analytical solutions. However,
computer simulations can solve these equations numerically in their full complexity, and
the results of the simulations may be compared with those of real experiments. This is
also a test of the underlying theory used in a computer simulation. If the theory is a
successful one, the simulation result may offer insights to experimentalists and assist in
the interpretation of new results.
Atomistic simulations have played a key role in studying various properties and
phenomena relevant to material science at the microscopic level.

Based solely on

equations of quantum mechanics, ab-initio electronic structure calculations provide the
most fundamental description of materials without using any empirical parameters.
Density-functional theory (DFT) with local density approximation (LDA) simplifies the
problem and make it suitable for computer simulations. The complicated many-electron
Schrddinger equation is replaced by a set of effective single-particle equations which are
solved self-consistently [1,2]. However, in these first-principles calculations, we need to
diagonalize large matrices representing single-particle Hamiltonians over a certain basis.
As a result, the computation time scales as N3, where N is the number of atoms. In 1985,

1
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Car and Parrinello [3] proposed an ab-initio molecular dynamics method which combines
the DFT-LDA treatment of electrons with molecular-dynamics approach for atomic
nuclei.

The underlying assumption is that electronic wavefimctions can adjust

instantaneously to each new atomic configuration because the electronic degrees of
freedom relax much more rapidly than atomic nuclei. In the Car and Parrinello method,
the electronic degrees of freedom are represented by a fictitious Lagrangian with
sufficiently small fictitious masses so that the electronic degrees of freedom rapidly
adjust to each new position of the atoms. The major computational challenge of the abinitio MD is the orthogonalization of single-particle wavefimctions. Another atomistic
simulation approach which includes electronic effects is the tight-binding moleculardynamics (TBMD) method [4,5]. In this approach, the electronic degrees of freedom are
represented by an effective tight-binding Hamiltonian over a limited basis. The matrix
elements of this Hamiltonian are fitted to reproduce the band structure and total energy
calculated by first-principles methods.
In many circumstances, there is no need to follow the time evolution of electronic
wavefimctions, and instead the motion of atoms can be well described by effective
interatomic potentials. Consequently, for a 3-dimentional system, the problem is reduced
to solving a system of 3N coupled Newton’s equations of motion.

This molecular

dynamics (MD) approach allows simulations of very large systems. Over the years, MD
methods have been widely used by physicists, chemists, biologists, and engineers. As a
result, MD has introduced great degrees of cross-fertilization in various fields.

MD

simulation provides phase-space trajectories (positions and velocities of all atoms at all
times), which are then analyzed using classical statistical mechanics. This gives us critical
information of how atomistic processes determine macroscopic materials’ properties.
With the emergence of highly efficient space-time multiresolution algorithms, massively

2
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parallel computers, and reliable interatomic potential models, atomistic simulation based
on MD can now be used to perform real-materials simulations.
In MD simulations, a reliable and realistic interatomic potential is an essential
ingredient In recent years, a great deal of progress has been made in developing realistic
interatomic potentials, such as (1) Vashishta’s potential for silica [6] and silicon nitride
[7,8], (2) Tersoffs potential for carbon [9], silicon [10] and germanium [11], (3)
Stillinger-Weber potential for silicon [12], (4) Brenner’s hydrocarbon potential [13,14],
and (5) Embedded Atom Model (EAM) for metals and alloys [13,16]. Experimental data
and results of ab-initio calculations are used to fit the parameters in these potentials and
these interatomic potentials are designed to capture the essential features of the real
material. Usually these realistic potentials have complicated functional forms and hence
they are computationally expensive. As a result, efficient algorithms are developed to
minimize the cost of computating of forces and interaction energies.
In this dissertation we focus on (1) surface energies of GaAs and InAs, and
reconstructions on GaAs(lOO) and InAs(100) surfaces, (2) million-atom molecular
dynamics simulation of flat InAs overlayers with self-limiting thickness on GaAs square
nanomesas, (3) critical lateral size for stress domain formation in InAs/GaAs square
nanomesas, and (4) atomistic simulations of grain boundary fracture in diamond. We
have also investigated structural, dynamical, and mechanical properties of InAs, GaAs and
grain boundaries (GBs) in diamond.
In recent years, quantum dots have attracted much attention due to their
importance for study of electronic behavior in zero dimension and applications in
electronic and optoelectronic devices [73,74].

The structure consists of coherently

strained three-dimensional (3D) islands formed in semiconductor overlayers having high
lattice-mismatch with underlying substrates, such as Ge on Si and InAs on GaAs. The
role and manipulation of stress in the formation of such nanostructures have been

3
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systematically examined through a study of the growth of InAs on planar and patterned
GaAs(001) substrate, these systems having a large lattice mismatch of ~ 7%. On stripe
mesas of sub-100-nm widths on GaAs(001) substrates, deposition of InAs is shown to
allow self-assembly of three, two, and single chains of InAs 3D island quantum dots
selectively on the stripe mesa tops for widths decreasing from 100 run down to 30 nm
[64].

Growth of InAs overlayers on GaAs(001) nanoscale square mesas of linear

dimensions < 100 nm has been shown to give a remarkable suppression of the 2D-to-3D
morphology change of the overlayer due to the significant strain relief provided by the
free surfaces of the overlayer itself and the strain accommodation by the underlying GaAs
square mesa [63]. The square and stripe mesas, together with the studies on planar
surfaces, bracket the entire regime of length scales of significance to stress relaxation and
manipulation leading to control of the island number (and hence density) on chosen
nanoscale area arrays.
The large lattice mismatch and associated strain at InAs/GaAs(001) interfaces
have recently been utilized to fabricate a number of nanostructures [60-64]. On infinite
planar substrates, the strain relief leads to the formation of coherent three-dimensional
island structures above a critical amount, - 1.6 ML, of InAs deposition. When InAs is
deposited on <100> oriented GaAs square mesas of size < 75 nm, on the contrary, the
island morphology is suppressed and, instead, a continuous film with flat morphology is
observed. This InAs film growth is, however, self-limiting and stops at ~ 11 ML [63]. In
order to understand the self-limiting nature of the InAs film growth, it is important to
know atomistic information about mechanical stress and the in-plane lattice constant of
InAs layers in the InAs/GaAs square nanomesas.
Recently, chemical vapor deposited (CVD) diamond films have received
considerable attention for applications requiring hard, wear-resistant coatings, due to their
extremely high strength and fracture toughness [96]. However, relationships between

4
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specific values for the properties, microstructure and crack propagation mechanisms, are
not well understood. Moreover, the tendency for diamond to deposit as a polycrystalline
film with a high density of GBs and related defects degrade many of its desirable
properties. Mechanical properties of CVD diamond films can be affected by the presence
of GBs and particularly depend on GBs structures. It is known that different types of
GBs can behave differently under applied load, e.g., they may have different resistance to
crack propagation [97,98]. Hence, studying the mechanical properties of different types
of GBs can helps us predict what types of microstructures provide the highest toughness
of the film.
This dissertation is organized as follows. Chapter 2 describes the multiresolution
MD algorithms and their parallel implementation. Chapter 3 focuses on surface energies
and surface reconstructions of GaAs and InAs. In Chapter 4 we deal with multimillionatom molecular dynamics simulation of flat InAs overlayers with self-limiting thickness
on GaAs square nanomesas. Chapter S describes the critical lateral size for stress domain
formation in InAs/GaAs square nanomesas. Atomistic simulations of grain boundary
fracture in diamond are reported in Chapter 6. Finally, Chapter 7 gives conclusions.

5
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CHAPTER 2
PARALLEL MOLECULAR DYNAMICS SIMULATIONS

In this Chapter we discuss the concepts of molecular dynamics (MD), the
interatomic potentials used in MD simulations, physical properties calculation in MD
simulations, the implementation of parallel MD, and the multiresolution MD method in
time and space.
2.1 Molecular Dynamics Method
Molecular dynamics is a technique to compute the equilibrium, non- equilibrium,
and transport properties of a classical many-body system.

In this context, the word

“classical” means that the nuclear motion of the constituent particles obeys the laws of
classical mechanics. For a wide range of materials, this is an excellent approximation.
Consider a system of N atoms with coordinates { r j , N and momenta {p(} =1 N. The
system can be described by a classical Hamiltonian,

ff = X ^ + V(rl,r2,...,iyf),

(2 . 1)

where mt is the mass of the i-th atom and V is the potential energy.
The potential function V is sometimes approximated by a simple two-body
potential,

where the pair potential vtj depends on the interatomic distance ru = |r, - r y| and the
atomic species. Using the Hamiltonian equations of motion, we have,

6
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The above equations are reduced to Newton’s second law for classical Hamiltonian (2.1),
m, . - 3 U ( r , . ^ - - r, )

(24)

In the MD approach, we obtain the system’s phase-space trajectories (positions
are velocities at all times) from numerical solution of Newton’s equation (2.4). By taking
averages over phase-space trajectories we can compute equilibrium properties of the
system. This lets us study how atomistic processes determine materials’ macroscopic
properties. MD simulations can also be used to study non-equilibrium processes, such
as dynamic fracture and thermal transport.
In MD simulations, we usually place atoms in a simulation box and apply
periodic boundary conditions (PBC) at the box boundaries. The introduction of PBC is
equivalent to considering an infinite space-filling array of identical copies of the
simulation region. This technique allows us to simulate bulk solid and liquid properties
with a small number of atoms (say, N = 1,000) by eliminating surface effects. Note that
for 1,000 atoms arranged in a 10 x 10 x 10 cube, the number of surface atoms is 103 - 83
= 488. In other words, nearly half the atoms are at the surface. Since these surface atoms
are in very different environment from the bulk atoms, the average properties computed
for this system are very different from bulk properties.
Periodic boundary conditions are implemented by replicating a simulation box of
size Lx x Ly x Lz to form an infinite lattice. Figure 2.1 shows a schematic of PBC in 2
dimensions. Note that we assume atoms to be contained in a rectangular simulation box.
As an atom moves in the original simulation box, all the images move in a concerted
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manner by the same amount. Since all the images are just shifted copies of an original
atom, we need to keep only the coordinates of the original (central) image as a
representative of all images. When an atom leaves the central box by crossing a
boundary, attention is switched to the image just entering the central box; see Figure 2.2.
At every MD step, we require that an atomic coordinate satisfy
0 <xt <Lx, 0 <y, < Ly, 0 < z, < L..
If r^t) is in the central box and time increment A is small, /•(/ + A) is at most in
the neighbor image. In this case, an atom can reenter the central box by

(2.5)

where

(2.6)

and this means

(2.7)

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 2.1 Periodically repeated images of an original simulation box (shaded) in 2
dimensions.
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Figure 2.2 Change of the representative atom due to boundary crossing of the atom.
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Furthermore, atoms near the boundaries of the MD box interact with atoms in the
appropriate periodic images of the box and only the closest image atom is taken into
account This is also known as the minimum image convention. In principle, an atom
interacts with all the images of another atom (and even with its own images except for
itself); see Figure 2.3.
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Figure 2.3 Schematic of the minimum image convention in 2 dimensions.

Consider a box of size Lx x L, x Lz centered at atom z, and this atom interacts only
with other atoms in this imaginary box. Then, we have,
L
— *-<xu <
2
"
U

L
-i
2
L

~T

y ,< T

2

2

(2 .8 )

during the computation of forces. This can be achieved by
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*ij « -

~ SignR^

j - SignR^

yu < -y u -S ig n R ^ -y -,y u + ^ j - S i g n R ^ . y ,

Zij «- z, - Si]
S ig n R ^ ,* j, + ^
z*

(2.9)

- S ig n R ^ ,* ,. - - ^ )

MD simulations generate information at the microscopic level (atomic positions,
velocities, etc.) and the conversion of this very detailed information into macroscopic
terms (pressure, internal energy, etc.) needs statistic mechanics. For a system which has
Hamiltonian (2.1) and contains N atoms, we can use a microcanonical ( NVE) ensemble,
in which the total energy (£ ), the number of atoms ( N), and the system volume ( V) are
conserved. However, other thermodynamic quantities (pressure, P , temperature, T, etc.)
fluctuate around their average values. Obviously the microcanonical ensemble is the most
natural choice for MD simulations, but certain physical situations require that the MD
simulations be carried out at constant pressure or temperature (for example, dynamic
fracture simulations).
In order to perform constant-temperature MD simulations, several different
techniques were developed [17-21]. In these techniques, the equations of motion are
modified so that the instantaneous temperature defined in (2.10) is either constant or the
average temperature is controlled at a desired value Trtq,
7’ = 2 £ /3 M a = ^ - | l Pl|Vm1

(2.10)

< n = v

(2. 11)

There is an easy yet widely used way to control the instantaneous temperature, T.
Namely, the atom velocities are scaled to the desired temperature Treq,

(2.12)
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where r(. is the velocity of the i-th atom. The criterion is whenever the absolute value of
the relative difference between the instantaneous temperature and desired temperature
exceeds a certain small value e, the atom velocities are subject to scaling (2.11).
A canonical ensemble can be accurately simulated by employing an extended
system, developed by Nos6 [17, 21]. Namely, a heat bath in contact with the system is
simulated by introducing fictitious degrees of freedom into the original Hamiltonian. The
extended Hamiltonian

is defined as

,

inijS

+ V + ■£■ + ( / +

Ins,

(2.13)

where s and p, are the generalized coordinate and momentum of the heat bath, Q is the
fictitious mass of the heat bath, and / is the number of degrees of freedom. Plug in the
above Hamiltonian into equations of motion (2.3), we have
„

_____

T

,

(/+ D V „

Qs = 2 j mK s -------------- “ •

a ,4 )

s

When the variable s varies slowly enough, the extended-system approach may be
used to simulate a canonical ensemble. In order to maintain the temperature control, the
fictitious mass Q is chosen so that s changes as slow as possible.
For an isobaric ( NPE) ensemble, similar methods can be employed [19]. Atomic
coordinates and the size of the MD box are periodically scaled to maintain constant
pressure.

In addition, an extended system technique was developed to simulate an

isobaric (NPE) ensemble [22,23]. In this technique, both the size and shape of the MD
box may be changed during MD simulations. The MD box is a parallelepiped, defined
by three vectors (hph^hj). Figure .2.4 shows a schematic of the MD box. A matrix H
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(called A-matrix) is defined using the three vectors (hp h2,h3) to make coordinate
transformation,

fK

K '
(2.15)

H= K

Atomic positions r, = (rit,riy,rfe) are mapped to a new vector space defined by
vectors (h,,h2,h3). Hence, reduced coordinates s( = (sn,si2,si}) are obtained,
ri “ 5il^l

(2.16)

■
Si2^2 ^3^3 •

Figure 2.4 In constant-pressure variable-shape MD, (h,,h2,h3) are base vectors of the
MD box. The shape and size of the box may change during the simulations.

In the extended Lagrangian, the components of the ^-matrix and the reduced
coordinates s, represent the degrees of freedom,
L = S f - O B , ) 2- V * y T r(H H r ) - Pa V„,
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(2.17)

where Vb is the volume of the box and W is the fictitious mass associated with the box
variables. Given the stress tensor matrix & = (<Jafi) and the external stress tensor d (aa),
the equations of motion become
mS, = H“'f - m,G_1G s,
(2 18)
WH = (a-CT(“,))v (H -l)r ,
where G = hhr .
2.2 Interatomic Potentials
Interatomic potentials are essential ingredients of MD simulations.

A good

interatomic potential accurately as well as reliably describes a real system. Originally
proposed for liquid argon. Lennard-Jones (LJ) potential is the simplest yet widely used
model. It contains only two-body terms,
(2.19)
where parameter 8 governs the strength of the interaction and o defines a length scale.
The first term in (2.19) represents steric repulsion and the second term corresponds to
van der Waals interaction. The interaction repels at close range, then attracts, and is
eventually cut off at some limiting separation rc. Although this potential provides a
reasonable model for solid and liquid argon, it can not realistically describe most other
materials.
Although monatomic systems with close-packed structures can be reasonably
described by two-body potentials, for materials with strong covalent bonds, the two-body
approximation gives poor results. Hence, three-body terms should be included in the
potentials,

(2.20)
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where 6jik is the angle formed by r (> and r tt. Obviously the three-body part introduces
an explicit dependence on bond angles 0^ . This is important for realistic descriptions of
covalent materials.

One of the most widely used three-body potential models was

proposed by Stillinger and Weber [12]. The Stillinger-Weber potential has the following
three-body part:

V)ik {ftj >rik»cos Oja) = BMf 0(r0) f ik(r^) ^cos 9jik —cos 9 ^ | ,

(2.21)

where 9jit is a constant, Bjik is the strength of the interaction, and function f tj{r) is
defined as

, for r < r

exp
.(r ~ ro)

(2.22)

0, for r>ra
where I is a parameter, and rQis the cutoff distance which is chosen to be slightly larger
than the length of the covalent bond. The function f tj{r) becomes zero whenever atoms i
and j are out of the cutoff distance.
2.2.1 Reactive Empirical Bond-Order Potentials for Hydrocarbons
Brenner et al. developed Reactive Empirical Bond-Order (REBO) potentials for
hydrocarbons [13,14]. A unique feature of this potential is that it treats covalent bonding
in molecular and solid-state structures with a single classical expression. In addition,
Brenner’s potentials can be used to describe chemical processes (for example, bond
formation and breaking). The fitting database for the potential includes experimental
values and first-principle calculations of bond lengths, bond energies, and force constants
for several solid-state and molecular systems. The REBO model has been shown to
provide a good description of properties outside the fitting database. For instance, the
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model gives a good description for in-plane elastic properties of graphite and vibrational
spectra of diamond [24-27]. Brenner’s potential has been employed in MD simulations
[28] of liquid and amorphous carbon with good agreements with experiment [29], firstprinciples and tight-binding molecular dynamics calculations [30-32].
The REBO potential is expressed as follows
v = -i-S [ Vj»cr,) - *1,

) ],

(2.23)

where the attractive ( V*A)) and repulsive ( ViS)) are defined as

v f V ) = / ; ( r / i + ^ l v a,,r’
v
r J

(2.24)

n«l

In the above expressions, the subscripts i and j in represent atomic species (either C or
H) and f '( r ) is the switching function which changes smoothly from 1 to 0, restricting
the range of covalent bonding.
The bond-order parameter bkj has the following form:
b ,i = \{ p ? + P 7 ) + P l

(2-25)

where p™ and p™ are functions of the bond angles and local coordinations of atoms i
and j . The term p* can be written as:
=< +
where

(2-26)

is contribution from the conjugated bond and radical energetics, and rtf is the

energetics of rotation around the dihedral angles for carbon-carbon double bonds.
The term

has the following form:
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nZ = Fij(N‘,N‘, N ^ ) ,

(2.27)

where Fy(x,y,z) is a function and N' is the total number of neighbors of atom i without
counting 7.
The term

depends on the local conjugation of the bond between atoms i and

Np =1 +

(2.28)
keC

teC

k*i.j
where

l*i.j

is a switching function. It goes from one to zero smoothly as N&

increases from three to four.
The dihedral term, n f , in (2.26) is defined as follows
< = T ,( N ! .K . N r l) 1 l I / S M / J M i - c o s 2*!,,,),
k*ij l*ij

(2.29)

where the function Tij(N'i ,N'i ,N-°nl} represents the barrier for rotation.
2.2.2 GaAs and InAs Potentials
Recently, new interatomic potentials have been developed for GaAs and InAs [33,
34], These potentials involve both two-body and three-body terms,
2 v£2)(r..)+ 2 » ® r „ , r A
i<j V V ij< k Jlk \ J
J

(2.30)

The two-body terms include effects of steric repulsion, charge-transfer between
atoms, charge-dipole interactions, and van der Waals interactions:

ij { ij} ~ ra
r 7,7
v

r-4 e

r
r;;

r-6
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(2.31)

The first term represents steric repulsion. It contains two parameters Hu and t]ir
The second term is the Coulomb interaction due to charge transfer and contains the
effective atomic charges Z( as parameters. The third term corresponds to the charge
dipole interaction due to large polarizability of negative ions. The last term is the induced
dipole-dipole interaction, containing the parameter Wy. Covalent effects are represented
by three-body bond-bending and bond-stretching terms. The three-body term V $
includes bond angles and has the form:

where Bjlk is the strength of the interaction, Q\rQ_ ,iy)e (ro ~ rik) 316 steP funcd °ns, and

djik is a constant. Here Qjik is the angle formed by ry and r a .
The adjustable parameters in Eqs. (2.31) and (2. 32) are determined so that a set
of experimental data and first-principle calculations of electronic structures are
reproduced. These potentials reproduce well the experimental crystalline lattice constants,
cohesive energies, elastic constants, surface energies [35-37], high-pressure structural
transitions, phonon density-of-states, and neutron-scattering data for liquid and
amorphous structures.
Recently, MD simulations of a-GaAs are performed based on the new interatomic
potential [34]. The calculated static structure factor, including the intermediate-range
correlations, is in excellent agreement with X-ray diffraction experiments. The correlation
beyond nearest-neighbor distances in a-GaAs is analyzed in terms of the distribution of
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predominantly 6-membered rings. The calculated energy difference between crystalline
and amorphous GaAs is in good agreement with electronic-structure calculations.
2.3 Physical Properties Calculation in MD Simulations
In MD simulations, a wide range of techniques are used to analyze the results.
Usually, a large amount of data is generated during a MD simulation, but such data is
often not of particular interest in itself. The important thing is to extract meaningful
information from such a large data set. For homogeneous systems at equilibrium,
averages corresponding to thermodynamics quantities are easy to measure.

Such MD

averages can be related to their thermodynamic counterparts, and the ergodic hypothesis
can be employed to justify equating trajectory averages to ensemble-based
thermodynamic properties [38].
In statistical mechanics, there is no knowledge of trajectories of atoms. Therefore
basically it cannot deal with quantities that are defined in terms of atomic motions. In
contrast, MD simulations provide all such information of trajectories of atoms. If the
system is spatially inhomogeneous, all quantities must be based on localized
measurements. Furthermore, if the system is also non-stationary over time, long-term
time averaging is invalid since it would obliterate the effects being studied [38].
23.1 Structural Correlations
There are well defined structural correlations, which can be measured
experimentally to provide important details about the average molecular organization in a
material. A material’s structural properties can be characterized by various correlation
functions, such as the pair distribution function. The treatment of structural correlations
begins with the completely general pair-distribution function:

S<*(r‘’ r2) = T n r \ X

(2-33)
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where a,fi are atomic species, V is the volume of the system, and (...) is an ensemble
average. In the case of spatially homogeneous systems, only relative atomic separation is
meaningful, leading to a sum over atom pairs:

nr
X
<x ft \<e{a}MP)

(2.34)

where r = r , - r 2. If the system is also isotropic, the function can be averaged over
angles without loss of information. The result is the radial distribution function g(r),
which describes the spherically averaged local organization around any given atom,

na r0 \ \i€£{a}/e{0 }
where r = |r|.

(2.35)

This equation can be used in the evaluation of g(r) by computer

simulations. In practice, the delta function is replaced by a function which is non-zero in
a small range of separations, and a histogram is compiled of all pair separations falling
within each such range.
The radial distribution function g(r) is related to the experimentally measurable
static structure factor, 5 ^(q ), by Fourier transformations. The static structure factor is a
key quantity in interpreting X-ray scattering measurements and it has the following
definition:
(2.36)
where pqa is the Fourier transformation of the number density of species a ,
(2.37)
<«K“}
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In a general case, not assuming isotropy, the structure factor is related to the pair
correlation function, g ^ ( r ) , by the following equation
(2.38)
where ca = NajN . If the system is isotropic, the structure factor and the pair correlation
function do not depend on angle. Equation (2.38) can be further simplified into

This equation provides an important link between MD simulations and the real world.
Furthermore, S ^iq ) can be used in calculating the static structure factor SN(q) measured
by neutron scattering [39],

SM =

X b*bp[CaCp)^ [$,0 (9) ~ S ap+
a.P__________ ___________________1

(2.40)

where ba,bp are the coherent neutron-scattering lengths of species a,/J, respectively.
Beside the pair-correlation function, there are higher-order correlations that can be
used to characterize the structure of materials. For instance, the bond-angle distribution
function is an important three-particle correlation. In MD simulations, a cutoff distance
rb is usually defined. Atoms / and j are considered to form a bond if rtj <rb. First, the
histogram of all the bond angles is computed by going over all the appropriate triplets of
particles. Then, the bond-angle distribution is calculated based on such histogram. In
addition, other structural correlations (such as porosity of the material) can be studied.
These structural properties are calculated in such a way that the atomistic level
information is coarse-grained by converting it into a two-dimensional array of pixel
values or a three-dimensional array of voxels.
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2.3.2 Dynamic Correlations
In MD simulations, time correlation functions can be used to characterize the
dynamics of a system. For instance, time correlation function for two quantities X and
Y is the following
Cxr(t) = (X(t)Y(0)),

(2.41)

where (...) denotes an average taken over a sufficiently long phase-space trajectory. For
example, velocity autocorrelation function is an important time correlation function,
(vWvCO)).
(v(0)^
•

<2'42>

where the averages are taken over all atoms of species a . Time correlation functions can
be related to transport coefficients. For instance, Za(t) can be used to compute the
diffusion coefficient,
A* = — J Za (*)<*•

(2.43)

m a Jo

Inaddition, the diffusion coefficient can be calculated from themean-square
displacement /^(r)2, which measures how faran atom hastraveled on average from time
0 to time r,
*a(02= ([r ( O - r (O)]2)a.

(2.44)

For large r, we have the Einstein expression,
D = lim -^ --

(2.45)

6f

Note that for a finite system, t cannot become too large because the allowed displacements
are bounded. Eventually this asymptotic result will break down, so that after reaching a
plateau D will begin to drop to zero. A reliable estimate of D as well as other transport
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coefficients requires that the trajectories be computed relatively accurately for as long as
the velocities remain correlated.
2.3.3 Thermodynamics Quantities
Consider a one-component macroscopic system. The thermodynamic state of
such a system is usually defined by a small set of parameters (such as the number of
particles N, the temperature T, and the pressure P). These quantities are computed by
simply averaging the corresponding instantaneous quantities over the phase trajectory.
Other thermodynamic quantities (such as density p, chemical potential p, specific heat,
Cv) can be derived by the fundamental equations of thermodynamics. For instance, the
thermodynamic temperature is defined as

where (K) is the average kinetic energy.
Some thermodynamic quantifies can be derived from Root Mean Square (RMS)
fluctuations. For instance, the RMS of a thermodynamic quantity A is defined as
(2.47)

(M 2) = (A2)-(A )2,

where (...) denotes an average taken over a sufficiently long phase-space trajectory. The
RMS fluctuation of some thermodynamic variables can be used to extract other
thermodynamic variables. For instance, in the microcanonical ensemble, the specific heat,
Cv, can be derived from the fluctuation of the total kinetic energy [40]:
(2.48)
23.4 Mechanic Quantities
The internal stress tensor for a system of atoms may be derived using the virial
theorem,
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(2.49)
where a and {$ are Cartesian indices, and the forces f, contain only the internal
contributions due to the interaction among the atoms in the system. All external forces
that keep the system under stress are excluded. If the system is subjected to periodic
boundary conditions and no external forces are present, the equation is further simplified
into:
(2.50)
where r “ is normalized using the minimum-image convention. In this case, the stresses
are independent of the origin of the coordinates. Let us assumed that the potential is has
a two-body form, then we have
(2.51)
j
(2.52)
If the interatomic potential allows the decomposition (2.51) with
equation (2.50) can still be used. However, the expression (2.49) cannot be generally
used for simulations with periodic boundary conditions. The reason is that the minimumimage convention is not followed.
At the atomic level, the local stress can be determined by calculating the
interatomic forces arising from interactions among neighboring atoms. In this approach,
the stress is either assigned to small regions of space or to individual atoms. However,
the stresses are not uniquely defined on the atomistic level because stress is inherently
related to the assumption of continuity. In MD simulations, stresses need to be calculated
over length scales of few atomic spacings. So we can either abandon this concept
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completely or define a quantity that reasonably extrapolates the continuum definition of
stress to atomistic length scales. However, such a quantity should be equivalent to
macroscopic stress for a sufficiently large region of space. In addition, the symmetry of
the stress tensor has to be preserved. Furthermore, the atomistic stress should vanish for
systems which are expected to be under zero stress (for example, an ideal crystal in
equilibrium).
Atomic-level stresses can be defined using the virial approach. Namely, the local
stress is calculated using (2.50),

(2.53)

where the summation over i is restricted to atoms within a certain region of space, £ . On
the other hand, stresses &ap may be assigned to individual atoms:
(2.54)
where Q, is atomic volume.
Atomic-level stresses can also be defined using the direct mechanical approach, in
which the stresses are assumed to act on surface elements [41]. The MD box is divided
into cells and the stress on each cell is defined in terms of stresses acting on its faces.
The momentum transfer associated with an atom leaving or entering a cell results in a
force acting for a short time interval.
surface intersected by this atom.

Such a force is assumed to be applied to the
This approach is solely based on mechanical

formulation without assuming the local thermodynamic equilibrium.
The elastic constants can be calculated by applying a certain strain to a system and
examining the resultant stress. Let us consider the six components of a strain tensor
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(ua , un , u„, uv , u^, ua ). We apply a strain by appropriately modifying the fc-matrix.
The A-matrix of a rectangular MD box is:
0

0^

H(0) = 0

hy

0

v0

0

hzj

(2.55)

then the ft-matrix is modified into
ftx(l + i f j
H = u ^h jiyl^+ h y )

uxyhxhy/(hx + hy) ugthzxhx/(hz +hz)'
hy(l + ua )

<uzxhzxhx K K +hz) un hyht/(hy +ht )

u^hjK /ihy+ K ) . (2.56)
hz(l + ua )

y

Finally, the system is relaxed via the conjugate-gradient method and stress is calculated.
The elastic constants CafiyS are determined by using the Hooke’s law,
(2.57)
2.4 Multiresolution Molecular Dynamics Method
In a molecular dynamics simulation of a system consisting of N atoms, we
integrate the 3N coupled equations of motion numerically with respect of time. The 3N
coupled equations of motion are differential equations where time has continuous values.
To perform computer simulations, however, these continuous equations must be cast into
discrete algebraic forms that can be solved numerically on digital computers. In such a
numerical solution, time is discretized into a sequence of time steps, which are denoted as
At. The time step should be sufficiently small so that the time derivatives are well
approximated by the finite-difference expressions. At each time step, the forces for all the
atoms are calculated and the atoms' coordinates are updated using appropriate finitedifference algorithms. For the microcanonical ensemble, an effective way to test the
soundness of an integration algorithm is to check if the energy of a system is conserved
during a MD simulation. In this case, the energy should be conserved to a reasonable
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accuracy (typically, - 10'5) during the MD simulations. Usually, At is determined
through a trial and error process in which we choose the largest value that yields
reasonable accuracy of energy conservation. Typically, the value of time step is in the
order of a femto second (1015s). This value is about an order of magnitude smaller than
the typical time scale of atomic oscillations. In a typical MD simulation, the number of
time step may range from I03 to 106, which is basically limited by available computing
resources.
In MD simulations, the major part of computation time is spent on the calculation
of interatomic forces at each time step. For a system consisting of N atoms, the
calculation of two-body forces among all atom pairs requires 0(N 2) CPU time. If the
number of atoms is relatively small (say hundreds of atoms) the computation time is still
acceptable. However, as the number of atoms increases to a certain amount (say millions
of atoms) the computation time is O(1012), which is intractable even using the most
powerful supercomputers in the world. In order to tacide this problem, multiresolution
algorithms have been developed in recent years to efficiently manage multiple lengths and
time scales.

These algorithms have dramatically improved the performance MD

simulations. For instance, finite-range potentials and forces can be computed in O(N)
time using the linked-cell list algorithm [19]. On the other hand, 0(N) algorithms have
also been developed for the long-range Coulomb interaction using divide-and-conquer
techniques for a hierarchy of cells. For example, the fast multipole method (FMM) [42]
is designed to compute long-range contributions to the forces using truncated multipole
expansion.

The FMM technique groups distant atoms together and treats them

collectively. Hierarchical grouping is facilitated by recursively dividing the physical
system into smaller cells, hence generating a tree structure. The FMM method uses the
truncated multipole expansion and the local Taylor expansion of the electrostatic potential
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field. The computation of both expansions is performed recursively for the hierarchy of
cells, and hence the electrostatic energy is of 0(N) complexity [43].
In order to represent accurately the fastest characteristic oscillations of a simulated
system, the time step At in MD simulations must be small enough. However, many
important physical processes are slow and the characterized time scales are many orders
of magnitude larger than At. As a result, MD simulations of such processes require
extremely long computing time.

This severely restricts the applicability of MD

simulations. To speed up MD simulations, we took advantage of the multiple time scale
(MTS) techniques [44,45], which uses different time steps for different force components
to reduce the number of force calculations. Namely, the force experienced by an atom is
separated into a rapidly varying primary component and a slowly varying secondary
component. Typically, short-range forces belong to the primary component, and the
long-range contributions are included in the secondary part. While the primary forces are
evaluated at every time step, the secondary interactions are calculated only for a certain
number of time steps. This technique may be extended to include several different time
scales. For instance, a hierarchy of dynamics including rigid-body motion of atomic
clusters can be employed [43].
In the last decade, parallel-computing technology has become a powerful tool to
extend the scope of computer simulations in terms of size of simulated systems. MD
simulations involving billions of atoms have become possible with the emergence of
advanced massively parallel architectures.

However, algorithms developed for serial

computers must be appropriately modified in order to run efficiently on parallel
computers. To utilize parallel computing, a computation task needs to be decomposed
into subtasks that are mapped to multiple processors. In terms of MD simulations, such
a spatial decomposition leads to a divide-and-conquer approach.

Large-scale MD

simulations are naturally suited for parallelization by domain decomposition. Namely, a
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system is decomposed into subdomains, which are assigned to multiple processors. The
data associated with atoms in a subdomain is assigned to the corresponding processor.
In the evaluation of forces for all atoms in a subdomain, the data of the atoms in the
boundaries of neighbor subdomains must be cached from the corresponding processors.
The inter-processor communication time is short relative to the total computation time,
since the number of atoms near the boundaries of the subdomains is small compared the
total number of atoms in the system.
2.4.1 Multiresolution Scheme in Space
In MD simulations, an interatomic potential may be short-ranged, i.e., there is no
force between any pair of atoms if their distance is greater that a cutoff distance, rc. In
this case, there is no need to calculate forces between all pairs of atom in the system.
Force evaluations are needed only for atoms within the cutoff distance. This leads to the
linked-cell list algorithm for short-range potentials. The MD box is divided into equal
sized cells, as shown in Figure 2.5. The atoms are sorted into the cells and the data
associated with the atoms is stored in a linked list.

To simplify the process, the

decomposition into cells is defined in the reduced space, s = (s,,s2,53), where the MD
box is a unit cube. The cell size in real space, a, is usually set to be
a = rc + 8,

(2.58)

where 8 is a small number, also called a “skin”. The purpose of adding such a “skin”
is to avoid recomputing the link-cell list at every time step, since the link-cell list is still
valid while atoms do not move by more than 8/2. The evaluation of the force on an atom
only needs to add the contributions from atoms in the neighboring cells, as schematically
illustrated in Figure 2.6 for a two dimensional case. As a result, the computation time
scales as MN, where M is the average number of atoms involved in evaluating the force
on an atom. The value of M can be estimated as
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(2.59)

M = 21p(rc + S )\

where p is the average number density in the system. Consequently, the linked-cell
method is an 0(N) algorithm. Moreover, according Newton’s third law, the force exerted
on atom i by atom j is of the same magnitude but opposite direction compared with the
force exerted on atom j by atom i. Taking advantage of this fact, the computation can be
further reduced by a factor of two, since we evaluating the force between two atoms only
once, instead of twice previously.
An improvement to the link-cell method is to set the cell size smaller than the
cutoff distance, i.e., choose the cell size as
(2.60)

a = ~(rc +8),
k
where k > 1. Then, M is decreased into

(2.61)
However, there are certain limitations for this approach. For instance, the cell size
should not be overly small to avoid the creation of toe many empty cells, in which case
considerable computation overhead will be produced.
There is still another efficient method for the evaluation of forces, namely, the
neighbor list approach. In this method, a list of neighbor atoms lying within a radius of
(rc + 5) from each atom is generated. This neighbor list is stored in an array, which is
usually large since each atom has a certain number of neighber atoms. When evaluating
the force exerted on an atom, only the atoms in the neighbor list are used. The neighbor
list does not need to be updated until atoms move by more than 8/2. With the help of
the neighbor list, M can be further reduced to
(2.62)

M = 4.2p(rc + 8 )\
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Si
1

Figure 2.5 MD box decomposition into cells in reduced space in two dimensions. The
MD box is divided into equal sized cells.
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Figure 2.6 Schematic of force evaluation using the link-cell list technique in two
dimensions.
However, the major drawback of the neighbor list approach is the requirement of
huge memory, especially when the number of atoms is large. Generally speaking, there is
always a tradeoff between speed and memory in computation. Some algorithms may be
slower but occupy less memory, while others may occupy more memory but faster. The
neighbor list approach falls into the latter category since it obtains speedup by using more
memory. When the system size is relatively small and memory is large, the neighbor list
approach can be a good choice.
In parallel MD simulations, a MD box with N atoms is decomposed into
subdomains, which are mapped to P processors, or nodes. Each node has 26 neighbor
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nodes, which are located in 6 directions. Usually, these directions are denoted as east,
west, north, south, up and down, respectively.

In each node, the corresponding

subdomain is divided into cells and a link-cell list is generated. The data associated with
all atoms in a subdomain is stored in the corresponding processor.

However, when

evaluating forces for all atoms in a node, the data of the atoms in the boundaries of all
neighbor nodes must be transferred via message passing.
In each node, the message passing to its 26 neighbor nodes is completed in six
steps, in which the boundary atom information is sent to east, west, north, south, up and
down, sequentially. In terms of boundary atoms at the comers and edges, they are first
forwarded to other neighbor nodes, and then copied to the proper node.

Since the

coordinates of all atoms are updated in each time step, some atoms may cross a node
boundary. In other words, these atoms migrated from one node to another node. In this
case, they have to be reassigned to the new node, and all the data associated with them
have to be sent to the corresponding node. In terms of spatial decomposition, the
computation time scales as N/P, while the communication time scales as (N/P)2' 3. As a
result, when N is much larger than P, the communication overhead becomes less
significant. This is exactly the case of parallel MD simulations, which typically have
N = 106 - 109 and P = 102 ~ 103 [43,46].
In parallel MD simulations, ideally a system being simulated should be evenly
distributed in space, in which case the system is divided into equal sized subdomains and
each processor is assigned a subdomain with nearly equal number of atoms. In other
words, the computation and communication loads are evenly divided among processors
through a straightforward equal-sized space decomposition. However, such a situation
only occurs for some simple, static system in the real world. Many systems studied by
parallel MD simulations are characterized by irregular atomic distributions, such as
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dynamic fracture with multiple branches, hi these cases, atomic distributions may change
over time. If a straightforward equal-sized decomposition space decomposition is applied
to a system with irregular atomic distribution, a problem of load imbalance will set in.
Consequently, the parallel efficiency is degraded considerably. The load imbalance
problem can be solved by partitioning the system in a computational space related to the
physical space, instead of partitioning the system in the physical Euclidean space.
Recently, a load-balancing technique has been developed using a curvilinear coordinate
transformation [47].

In this approach, the computational space shrinks where the

workload density is high and expands where the density is low, so that the workload is
uniformly distributed. Minimization of the load-imbalance and communication costs is
performed to obtain the optimal coordinate system [43].
In practice, the passing of information of atoms that migrate from one node into
another node is performed when periodic boundary conditions are applied. Usually, this
procedure is not performed at every time step, since the linked-cell list does not have to be
updated for several time steps. In each node, all atoms in the cells adjacent to the node
boundaries are checked to see if any of them have moved outside the node boundaries.
Subsequently, periodic boundary conditions are enforced and information is collected for
all atoms that have moved outside the node boundaries. The information of all these
migrated atoms (including species, coordinates, velocities, identity tag, etc.) are packed
into an array and sent to appropriate nodes using massage passing. In each node, the
arrays that store the information of all atoms may have empty slots due to the migration
of atoms. On the other hand, each node may receive some migrated atoms from other
nodes. Therefore, the empty slots each node may be filled with the information of those
received atoms. If the number of atoms received exceeds the number of the available
slots, the extra atoms are appended to the end of the arrays. Otherwise, the extra slots are
filled with the atoms taken successively from the end of the arrays. Not only does this
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procedure maintains a simple array structure, it requires a minimum rearrangement of
atoms. However, this technique has a side effect of reordering atoms in the arrays during
the simulations. As a result, the build-in ordering of atoms’ identities in the arrays is no
longer valid. An additional array has to be created to store information of all the atoms’
identities.
In the following, we discuss the detailed implementation of the parallel MD. We
use simple 3D-mesh decomposition or torus decomposition due to the periodic boundary
conditions. Figure 2.7 shows schematically the subsystems that are arranged in a 3D
array of dimensions Px x Py x Px. Each subsystem is a parallelepiped of size Lx x Ly x 1^.
Accordingly, processors or nodes are also logically arranged in such a 3D array.
Each processor is given a unique processor ID, p, whose range is [0, P-l], where
P = Px Py Pz is the total number of processors; see Figure 2.8. We also define a vector
processor ID p = (px, py, p*), where px= 0,..., Px-1; py = 0,..., Py-1; and px= 0,..., Px-1.
The relation between the sequential and vector ID’s is

Px = P / W )
py = (p/Pz) mod Py

(2.62)

px = p mod Pz
or

P = PxXPyP* + PyXP* + Pz-

(2 ‘6 3 )

For each processor, the six face-shared neighbor are identified by a sequential index (k

=

0, .... 5). For each neighbor, k, the shift-length vector A = (A,, Ay, AJ denotes the
position of the neighbor subsystem relative to itself. Table 2.1 lists the six neighbors,
where an integer vector 8 - (5X,Sy, 5J specifies the relative location of each neighbor.
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Px
Figure 2.7 Schematic of a 3D-mesh decomposition in which subsystems are arranged in
a 3D array of dimensions Px x P x P . Each subsystem is a parallelepiped of size Lx x
Ly x l^.
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P r-1

Figure 2.8 Schematic of a unique processor ID p and a vector processor ID p = (p„, py,
Pz)-
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Table 2.1 The six face-shared neighbors for each processor.
Neighbor ID, k_________ 8 = (8„ 8V, 8T)

A = (A,, Av, AJ

0 (east)

(-1,0,0)

(-Lx,0,0)

1 (west)

(1,0,0)

(Lx, 0,0)

2 (north)

(0,-l,0)

(0,-Ly,0)

3 (south)

(0,1,0)

(0, Ly, 0)

4 (up)

(0.0.-1)

(0,0,-Lz)

5 (down)

(0,0,1)

(0,0, Lz)

The sequential processor ID, p’(ic) is obtained by
p’a(K) = [ptt + 8„ (k)] mod P„ (a = x, y, z)

(2.64)

P’ (k) = p \ (k)xPyPz + p’y (k)xP, + p \ (k)

(2.65)

and

Using the periodic boundary conditions, every node has 26 neighbor nodes, which share
either a comer, an edge, or a face with it. We express atomic coordinates relative to the
origin of each node, i.e., 0 < x* < L* (a = x, y, z). In other words, each node thinks that it
is the center of the world.
In order to compute interatomic interaction in a node with cut-off length rc, atomic
coordinates of 26 neighbor nodes which are located within rc from the node boundary are
copied to this node, as illustrated in Figure 2.9.
After the coordinates of all atoms in a node are updated at each time step, some
resident atoms may have moved out of the subsystem boundary. The data of these
migrated atoms must be transferred to the proper processors. This is also called “atom
migration”, as illustrated in Figure 2.10.
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Figure 2.9 To compute interatomic interaction in a node, the atomic coordinates of the 26
neighbor nodes that are located within rc from the node boundary needed to be copied to
this node.
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Figure 2.10 Schematic of atom migration in parallel MD. Migrated atoms must be
moved to proper processors.
2.4.2 Multiresolution Scheme in Time
In MD simulations, the equations of motion are integrated numerically. Over the
years, a wide variety of numerical integration algorithms have been developed.

An

integration algorithm is desirable for MD simulations if it permits larger time steps and
maintains sufficient accuracy and stability, since the calculation of forces at each time step
is computationally intensive. An important criterion to judge an integration scheme is to
check its long-time behavior. Since any two phase-space trajectories with a small
difference in the initial conditions diverge exponentially after sufficiently long time, no
integration algorithm will provide an exact solution over a long time interval. However,
such an exact solution is not necessary in MD simulations because of the statistical
nature of the simulated system. There are basically two characteristics for a good
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integration algorithm used in MD simulations: on short time scales, it should have an
accurate approximation of the differential equations; on long time scales, it should provide
conservation of the constants of motion such as total energy and momenta. The first
characteristic is not difficult to satisfy. There are some sophisticated high-order finitedifference algorithms that can be used to improve the short-time accuracy.

But, a

sophisticated high-order finite-difference algorithm does not necessarily guarantee good
long-time behavior. For instance, the complicated Gear’s piedictor-corrector algorithm
performs much less stable over long time scales than the simple velocity-Verlet algorithm
[19,50,51]. Therefore, most MD simulations are based on the velocity-Verlet algorithm
instead of a high-order finite-difference algorithm.
The good long-time behavior of the velocity-Verlet algorithm is due to the fact that
it is a symplectic integration scheme. On the other hand, Gear’s predictor-corrector
scheme does not have this property. A symplectic (or canonical) integration scheme
[48,49] preserves certain invariants of Hamiltonian systems. In an integration algorithm,
variables (such as atoms’ positions x and momenta p) are transformed at each time step
(*,p)->(X ,P ),

(2.66)

where
X — ^1*1, 1^ ,..., 1*^^,

(2.67)
P = (Pt*P2>—*Py)*
Such a transformation is considered to be symplectic if it defines a canonical
transformation of variables in the following way,

T

dX

a x '

ax

dp

o

r

dp
dx

?L

-I

0

dp .

ax

a x '

dx
dP
dx

dp
dP
dp

'0
- I

11,
0
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(2.68)

where I is a unit matrix. This symplectic transformation provides good long-time scale
performance because it conserves the phase space volume. In addition, the error due to
discretizing the time interval can be interpreted as an error in the Hamiltonian.
Consequently, a symplectic scheme represents an essentially exact algorithm for some
modified Hamiltonian, except for computer truncation error.
Let us discuss how the velocity-Verlet algorithm works. Consider a system at a
certain time t, with atomic positions r, (r), velocities v;(r), and accelerations a;(r). First
the velocities at the mid-point are calculated,
vi(t + y ) = vi(r) + aj(r ) y .

(2.69)

Subsequently, the atomic positions at time r + A/ are updated,
r#(r + Af) = r((0 + v,(f + y )A /.

(2.70)

Then, at the new atomic positions, values of forces f, (r + A/) and accelerations a, (r + At)
are computed. Finally, the velocities at time t + A/ are determined by
v,(r + A/) = vf(r + y ) + a{(r + A r ) y .

(2.71)

At this point, new values of positions, velocities, and accelerations at time t + A/ are
generated. In MD simulations, the above expressions are employed recursively to
calculate the phase-space trajectory of all atoms over a certain period of time.
In the following, we discuss the multiple time scale (MTS) approach, which was
originally proposed by Streett et al. [44]. In their MTS approach, the force on an atom is
divided into two parts:
(2.72)
where ff is a rapid-varying primary force and f* is a slow-varying secondary force. The
primary force is usually the short-range contribution, and the secondary force represents
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the long-range interaction; see Figure 2.11. A large time step Af is equally divided into
n smaller steps, St = bt/n. The primary forces are evaluated at each small time step. On
the other hand, the secondary forces f ■(r) and their time derivatives are calculated only at
each large time step At.

These values are then extrapolated by applying a truncated

Taylor series,
f'(r + kSt) « f'(r) + (*5r)f'(r) + ^(kSt)2f'(r) + ....

(2.73)

Although this approach has been successfully applied to molecular systems, there
are some difficulties to deal with. First, the evaluation of the time derivatives requires
considerable programming effort and computational time. Moreover, it is difficult to treat
atoms crossing over from the secondary shell to the primary shell. Furthermore, this
approach sacrifices the time-reversibility of the algorithm. As a result, the integration
algorithm is quite unstable, unless a relatively small time step is used. Consequently, this
approach is useful when the secondary forces vary much slower than the primary forces.
If the two time scales are comparable, a stable symplectic integrator (such as the velocityVerlet algorithm) actually performs better.
Recently, a time-reversible integrator has been developed using the Trotter
factorization of the Liouville operator and a reversible reference system propagator
algorithm (RESPA) has been derived by employing the formulation [45].

Several

improvements to the original MTS approach are achieved by the RESPA methods. For
example, the RESPA integrators are symplectic and time-reversible, which greatly
improves the long-time scale stability. In addition, the RESPA methods do not need to
compute the time derivatives, which are required in the original MTS scheme. This makes
the RESPA methods computationally efficient and easy to implement Furthermore, this
approach provides a single framework to treat various time-scale problems and the
separation of long- and short-range forces.
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e c o n a a ry

Figure 2.11 MTS scheme where the force on an atom is divided into two parts: the
primary force (the short-range contribution), and the secondary force (the long-range
interaction).
Following Tuckerman et al. [45], the Liouville operator L for a Hamiltonian
system is denoted as
iL = {...,#},

(2.74)

where H is the Hamiltonian function and {..., ...}is the Poisson bracket. The Liouville
operator corresponding to the Hamiltonian (2.1) is
(2.75)

•+f.
Let us define the state of the system as T(r) = {r{, p j .

Using the Liouville

operator, a formal solution for the Hamiltonian equations of motion (2.3) can be obtained
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r (t)= e ajr(0 )= u (t)r(0 ),

(2.76)

where U{t) = eiU is the classical propagator. Decompose the Liouville operator into two
parts,
iL = tIl + /Ij.

(2.77)

Then, apply the Trotter factorization, we have
U(At) = e '^ /y ^ V - ’a//2 +0(A /3).

(2.78)

Decompose the time interval [0, f] into a numberof small intervals At, then the state of
the system at time t may be obtained by successive applications of the propagator f/(Ar).
The decomposition (2.77) may be used to separate rapidly varying primary forces
ff and slowly varying secondary forces f •, and this leads to the MTS algorithms:
iL = iLp + iLs,
a79)

*

cPi

Apply the Trotter expansion, we have
u m = u s[ ^ u pm u s' y l .

(2.80)

where the propagator C/,(A//2) increments the velocities due to secondary forces:
U,{A/):

mt \ I )

(2.81)

Divide the time step At into n smaller time steps St. Then the primary part Up(At) can
be further factorized into Up(St), with each of the elementary propagators Up{8t) be
approximated by the velocity-Verlet integrator
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where

(2.83)

In the MTS algorithm, the secondary forces are computed at time t, and the
velocities are incremented using (2.81). Then, the velocities and positions are updated by
applying the usual velocity-Verlet integrator for n small time steps St, using only the
primary forces. Subsequently, the velocities are again incremented using the secondary
forces evaluated at the new atomic positions.
Given an interatomic potential of the form (2.30), the two-body potential (2.31) is
divided into short and long range parts using a switching function / ( r ) :
(2.84)

V(2)(r) = VjA
2)(r) + V%\r),
C ( r ) = /(r)V <2)(r),

(2.85)

V £ \r ) = [ l - f ( r ) ] V i2\r ).

where

(2.86)

Usually, the primary forces are derived from the short-range part of the two-body
potential; while the secondary forces are given by the long-range two-body potential and
the three-body potential, namely
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The MTS technique is very effective and efficient, especially when the simulated
system contains a large number of atoms, e.g., multimillion-atom MD simulations.
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CHAPTER 3
SURFACE ENERGIES AND RECONSTRUCTIONS OF GaAs AND InAs

This Chapter focuses on the calculation of surface energies of GaAs and InAs for
the (100), (110), and (111) orientations. Both MD and the conjugate gradient method are
used and the results are in excellent agreement. In addition, surface reconstructions on
GaAs(lOO) and InAs(lOO) are studied via the conjugate gradient method.

We have

developed a new model for GaAs(lOO) and InAs(lOO) surface atoms. Not only this
model reproduces well surface energies for the (100) orientation, it also yields ( 1x2)
dimer lengths in accordance with Ab initio calculations.
3.1 Introduction
Surface energies of GaAs and InAs play a major role in the formation of islands
during heteroepitaxy. For instance, the Molecular Beam Epitaxy (MBE) growth of InAs
on GaAs(100) planar substrate is in the Stranski-Krastanov (SK) mode.

Since the

surface energy of InAs is lower than that of GaAs, first a uniform wetting layer forms.
Further deposition of InAs will lead to the formation of InAs three-dimensional islands,
which relieve part of the stain energy stored in the InAs layer.
Using an energy density formalism with the first-principles pseudopotential
density-functional approach, Moll et al. [36,37] have calculated the surface energies of
GaAs and InAs for the (100), (110), and (111) orientations. They have calculated the
absolute surface energies for different orientations directly and consistently with the same
set of parameters and pseudopotentials, without introducing a reference surface. The
surface energies are determined via total-energy calculations using density-functional
theory. Qian et al. [35] carried out Ab initio total-energy density functional calculations
to study the reconstruction of GaAs(100) surfaces as a function of Ga and As surface
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coverage. Equilibrium atomic geometry and energies for Ga- and As-stabilized 1x2, 2x1,
and 2x2 surfaces consisting of various combinations of dimers and vacancies were
determined.
GaAs(lOO) surface is the most technologically important surface within the family
of zinc-blende EH-V semiconductors, due to its importance for electronic and
optoelectronic devices.

As a result, in the past decade, numerous state-of-the-art

techniques from both theory and experiment have focused on uncovering the atomic
structure of such surface [53-59]. A general consensus has been achieved concerning the
structural details of the As-stabilized reconstruction, most notably the 2x4 and c(4x4)
phases. In particular, the atomic structure of the As-rich GaAs(lOO)- (32(2x4) surface is
determined using Scanning Tunneling Microscopy (STM) and first-principles electronicstructure calculations [54].
3.2 GaAs and InAs Surface Energies (without Modeling Surface Atoms)
We have used MD simulations to calculate GaAs and InAs surface energies for
the (100), (110), and (111) orientations. In the beginning, we use interatomic potentials
of the form (2.30) for GaAs and InAs, without modeling surface atoms. In other words,
the surface atoms are treated as bulk atoms and surface reconstructions are not taken into
account. Due to the surface reconstruction on GaAs and InAs surfaces, we don’t expect
this simple treatment will yield the correct surface energies.

However, this simple

treatment may provide valuable information to guide us in the modeling of GaAs and
InAs surface atoms.
Let us start with the surface energy calculation of GaAs(lOO). A MD box of size
28.266A x 28.266A x 38.266A (i.e., 5x5x5 unit cells) is constructed and the system
contains 1,000 atoms. The Z-axis is (001) oriented and a 10A gap is inserted in the Zdirection to create two GaAs(100) surfaces, which are As- and Ga- terminated,
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respectively. Periodic boundary conditions are applied only in X- and Y- directions,
which are (100), (010) oriented, respectively. Equations of motion are integrated using a
reversible symplectic algorithm with a time step At ~ 2.0 fs. The system is first quenched
to OK every 10A/ for 200A/, i.e., the velocities of all atoms are set to zero every lOAr.
Subsequently, we quench the system with a factor of 0.3 every 10A/ for 200A/, i.e., the
velocities of all atoms are multiplied by a factor of 0.3 every lOAr. Then, the system is
quenched with a factor of 0.6 every 10A/ for 200At, followed by a quenching with a factor
of 0.9 every 10A/ for 400At. Finally, the system is allowed to relax around 0.0001K for
13.000A/. At this point, the system is in an equilibrium state and we can calculate the
energy (£), which corresponds to the GaAs cubic with two GaAs(100) surfaces.
The GaAs(lOO) surface energy is calculated using the following expression:

r-

2A

.

u i)

where ( E ) ^ is the GaAs bulk energy and A is the surface area.
We have also used the conjugate gradient method to calculate GaAs(100) surface
energy using the same setup as the MD simulation, and we want to compare the result
with that of the MD simulation.
Similarly, we have calculated surface energies of GaAs for the (110) and (111)
orientations using both MD simulations and the conjugate gradient method; the results
are listed in Table 3.1. From Table 3.1 we find that the MD results of GaAs surface
energies agree very well with those of the conjugate gradient method. It is also found that
the MD results of GaAs surface energies for the (110) and (111) orientations are
reasonable compared with the Ab initio calculations (with about 25% difference). The
MD result of GaAs(llO) surface energy is also in reasonable agreement with
experimental values from fracture experiments [52]. It turns out that GaAs(llO) surface
is stoichiometric, i.e., there are equal numbers of Ga and As atoms on the surface. The
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(110) plane is the cleavage plane of IH-V semiconductors. Such a cleavage surface does
not reconstruct, and only a relaxation of surface atomic positions within the (lx l) surface
unit cell is observed. On the other hand, there is a big difference between the MD result
forGaAs(lOO) surface energy and the Ab initio calculation (with about 63% difference).
The reason is that the (100) surface is polar, i.e., the planes parallel to the surface consist
of either only Ga or only As atoms. As a result, the stable surface structure displays
various reconstructions which distinctly differ from those found on the ( 100) faces of the
covalent group-IV semiconductors.

Table 3.1 MD, the conjugate gradient method, Ab initio calculations, and experiment
results for GaAs surface energies for the (100), (110) and (111) orientations.
Orientations

(110)

(100)

(111)

MD t

0.621 J/m2

1.692 J/m2

0.722 J/m2

Conjugate

0.621 J/m2

1.692 J/m2

0.722 J/m2

Ab initio *

0.83 J/m2

-1.0 J/m2

-0.96 J/m2

Experiment **

0.87±0.1 J/m2

N/A

N/A

gradient t

t Without modeling surface atoms
* Reference [36]
** Reference [52]

Using the same MD simulation procedure for determining GaAs surface energies,
we have also calculated InAs surface energies for the (100), (110), and (111) orientations.
Similar to the GaAs case, we have also employed the conjugate gradient method to
calculate InAs surface energies using the same setup as the MD simulations. These
results are shown in Table 3.2.
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Table 3.2 MD, the conjugate gradient method, Ab initio calculations, and experiment
results for InAs surface energies for the (100), (110) and (111) orientations.
Orientations

(110)

(100)

(111)

MD f

0.333 J/m2

1.126 J/m2

0.464 J/m2

Conjugate

0.333 J/m2

1.125 J/m2

0.463 J/m2

Ab initio*

0.656 J/m2

-0.704 J/m2

-0.672 J/m2

Experiment

N/A

N/A

N/A

gradient t

t Without modeling surface atoms
* Reference [37]

To our best knowledge, there are no experimental values of InAs surface energies
for the (100), (110) and (111) orientations. From Table 3.2 we find that the MD results
of InAs surface energies agree well with those of the conjugate gradient method. It is
also found that the MD results of InAs surface energies for the (110) and (111)
orientations are reasonable compared with Ab initio calculations. However, there is a big
difference between the MD result for InAs(100) surface energy and Ab initio calculations
(with about 60% difference). The reason for this discrepancy is similar to that of the
GaAs(100) case, which is described in a previous paragraph.
3J A New Model for GaAs(100) and InAs(100) Surface Atoms
In the last section, we have calculated the GaAs and InAs surface energies for the
(100), (110), and (111) orientations, without modeling surface atoms. We find that the
MD results of GaAs and InAs surface energies for the (110) and (111) orientations are
reasonable compared with Ab initio calculations. But, there are big differences between
the MD results for GaAs(100) and InAs(100) surface energies and Ab initio calculations
(with about 60% difference). Therefore, atoms at the GaAs(lOO) and InAs(100) surface
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should be properly modeled in order to reproduce the correct surface energy.
Furthermore, the surface reconstruction on these surfaces should also be taken into
account Based on both the Ab initio calculations and experimental measurements, such
as surface energies and dimer lengths, we have developed a new model for GaAs(lOO)
and InAs(lOO) surface atoms. Not only this model reproduces well surface energies for
the (100) orientation, it also yields dimer lengths in accordance with Ab initio calculations.
This new model for GaAs(lOO) and InAs(lOO) surface atoms works in the
following way. There are four different types of surface atoms: Ga, As of GaAs, In, and
As of InAs. All the atoms are denoted as follows: Gal for bulk Ga, Ga2 for surface Ga,
Asl for bulk As, As2 for surface As, Ini for bulk In, In2 for surface In. Each type of
surface atom is treated as a new species of atoms, different from its bulk counterpart. The
two body interactions for bulk atoms of GaAs and InAs are described in (2.31). The two
body interactions between surface atoms, as well as those between surface atoms and bulk
atoms, are also in the form of (2.31), but with different parameters. These parameters
include the effective atomic charges, the ionic radii, and the van der Waals strengths. The
effective atomic charges of surface atoms are chosen to be l/V2 of that of their bulk
counterparts. Other parameters, namely, the ionic radii and the van der Waals strengths,
are determined through a trail and error process. In terms of three body interactions, the
surface atoms behave the same as their bulk counterparts, as described in (2.32).
Figure 3.1 shows two body interactions between GaAs(lOO) surface atoms. A
minimum is found at a distance of ~ 2.4A, which is roughly the dimer length. Figure 3.2
shows the two body interactions between GaAs(lOO) surface and bulk atoms compared to
the two body interactions between bulk atoms in GaAs. We find that the bulk potential is
lower than the potential between surface and bulk atoms. Similar observations are found
for InAs(lOO), see Figure 3.3 and Figure 3.4.
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Figure 3.1 Two body interactions between GaAs(lOO) surface atoms. V(Ga2-Ga2) is
the interatomic potential between Ga surface atoms, and V(As2-As2) is the interatomic
potential between As of GaAs surface atoms.
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Figure 3.2 Two body interactions between GaAs(lOO) surface and bulk atoms compared
to the two body interactions between bulk GaAs. V(Gal-Asl) is the interatomic potential
between bulk Ga and As, V(Ga2-Asl) is the interatomic potential between surface Ga and
bulk As, and V(As2-Gal) is the interatomic potential between surface As of GaAs and
bulkGa.
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Figure 3.3 Two body interactions between InAs(lOO) surface atoms. V(In2-In2) is the
interatomic potential between In surface atoms, and V(As2-As2) is the interatomic
potential between As of InAs surface atoms.
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Figure 3.4 Two body interactions between InAs(100) surface and bulk atoms compared
to the two body interactions between bulk InAs. V(Inl-Asl) is the interatomic potential
between bulk In and As, V(In2-Asl) is the interatomic potential between surface In and
bulk As, and V(As2-Ini) is the interatomic potential between surface As of InAs and bulk
In.
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The new model for GaAs(lOO) and InAs(lOO) surface atoms reproduces well the
surface energies; see Tables 3.3 and 3.4. There is only 3% difference between the MD
result of GaAs(lOO) surface energy and Ab initio calculations. The MD result of
InAs(lOO) surface energy differs the Ab initio calculations for 8%.

Table 3.3 The new model for GaAs(lOO) surface atoms, Ab initio calculations, and
experimental results for GaAs surface energies for the (100), (110) and (111)
orientations.
Orientations

(110)

(100)

(111)

The new model

0.621 J/m2

1.03 J/m2

0.722 J/m2

Ab initio*

0.83 J/m2

~l.O J/m2

-0.96 J/m2

Experiment **

0.87±0.1 J/m2

N/A

N/A

for surface atoms

* Reference [36]
** Reference [52]

Table 3.4 The new model for InAs(lOO) surface atoms, Ab initio calculations, and
experimental results for InAs surface energies for the (100), (110) and (111) orientations.
Orientations

(110)

(100)

(111)

The new model

0.333 J/m2

0.640 J/m2

0.463 J/m2

Ab initio*

0.656 J/m2

-0.704 J/m2

-0.672 J/m2

Experiment

N/A

N/A

N/A

for surface atoms

* Reference [37]
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In addition, the new model yields (1x2) dimer on both the GaAs(lOO) and
InAs(lOO) surfaces. Figures 3.S shows a cross-sectional view of the GaAs slab.
As(lx2) and Ga(lx2) dimers are observed in the top and bottom, respectively. In
Figures 3.6, a cross-sectional view of the InAs slab is shows. As(lx2) and In(lx2)
dimers are found in the top and bottom, respectively.
The dimer lengths of As and Ga surface atoms on GaAs(lOO) are listed in Table
3.5. The MD simulations yield an As(lx2) dimer length of 2.45
with the value of 2.51

A obtained from Ab

A, which

agrees well

initio calculations of the same dimer. The

difference is only 2%. The MD result also compares well with Ab initio calculations of
02(2x4) dimer and a(2x4) dimer, which are 2.50 A and 2.45 A, respectively.
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Figure 3.5 As (1x2) and Ga (1x2) dimers on GaAs(lOO) surfaces.
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Figure 3.6 As (1x2) and In (1x2) dimers on InAs(lOO) surfaces.

From Table 3.5, we also find that for the Ga(lx2) dimer, the MD result agrees
well with Ab initio calculations. The MD simulations yield an Ga(lx2) dimer length of
2.39 A, which agrees well with the value of 2.31 A obtained from Ab initio calculations of
the same dimer. The difference is only 3%. The MD result also compares well with Ab
initio calculations of $2(2x4) dimer and a(2x4) dimer, which are 2.40

A and

2.50

A

respectively. The bond lengths and angles of As(lx2) and Ga(lx2) dimers are shown in
Table 3.6. We find that the MD results are close to Ab initio calculations. For the
InAs(lOO) surface, there are only Ab initio calculations for As(lx2) dimer, which agrees
well with the MD result; see Table 3.7. Table 3.8 shows the MD results of bond lengths
and angles of As(lx2) and In(lx2) dimer on InAs(lOO) surfaces.
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Table 3.5 Dimer lengths of As(lx2) and Ga(lx2) on GaAs(lOO) surfaces.
d(As2-As2)

d(Ga2-Ga2)

Atomistic*** (1x2) dimer

2.45 A

2.39 A

Ab initio* (32(2x4) dimer

2.50 A

2.40 A

Ab initio*

a(2x4) dimer

2.45 A

2.50 A

(1x2) dimer

2.51 A

2.31 A

Ab initio**

* Reference [36]
** Reference [35]
*** The new model for surface atoms

Table 3.6 Bond lengths and angles of As( 1x2) andGa(lx2) dimer on GaAs( 100)
surfaces.
Ab initio*

Atomistic**

(1x2) dimer

dimer

d(As2-Gal)

2.40 A

2.39 A

0(As2-Gal-Asl)-l

101.14°

102.29°

9(As2-Gal-Asl)-2

118.20°

115.49°

0(Gal-As2-Gal)

108.87°

113.66°

d(Ga2-Asl)

2.30 A

2.33 A

0(Ga2-Asl-Gal)-l

84.01°

96.49°

0(Ga2-Asl-Gal)-2

122.05°

116.79°

0(Asl-Ga2-Asl)

115.60°

118.02°

(1x2)

* Reference [35]
** The new model for surface atoms
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Table 3.7 Dimer lengths of As(lx2) andln(lx2) on InAs( 100) surfaces.

Atomistic41*

As2-As2

In2*In2

2.44 A

2.35 A

2.44 A, 2.47 A

N/A

(1x2) dimer

Experiment* 02(2x4)
* Reference [53]
** The new model for surface atoms

Table 3.8 Bond lengths and angles of As( 1x2) and In( 1x2) dimer on InAs( 100)
surfaces.
Atomistic* (1x2) dimer
d(As2-Inl)

2.63 A

9(As2-Inl-Asl)-l

102.75°

0(As2-Inl-Asl)-2

118.27°

0(Inl-As2-Inl)

108.79°

d(In2-Asl)

2.65 A

0(In2-Asl- Inl)-1

101.16°

0(In2-Asl- Inl)-2

119.42°

0(Asl-In2-Asl)

107.91°

* The new model for surface atoms

3.4 Summary
Surface energies of GaAs and InAs for the (100), (110), and (111) orientations
have been calculated. Both MD and the conjugate gradient method are used and the
results are in excellent agreement Surface reconstructions on GaAs(100) and InAs(100)
are studied via the conjugate gradient method. We have developed a new model for
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GaAs(lOO) and InAs(100) surface atoms. Not only this model reproduces well surface
energies for the (100) orientation, it also yields (1x2) dimer lengths in accordance with
Ab initio calculations.
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CHAPTER 4
FLAT InAs OVERLAYERS WITH SELF-LIMITING THICKNESS ON GaAs
SQUARE NANOMESAS

In this Chapter we discuss the parallel molecular dynamics simulations of
InAs/GaAs nanomesas with self-limiting InAs overlayer thickness. The in-plane lattice
constant of InAs layers parallel to the InAs/GaAs(00i) interface starts to exceed the
InAs bulk value at 12th monolayer (ML) and the hydrostatic stresses in InAs layers
become tensile above - 12* ML. As a result, it is not favorable to have InAs
overlayers thicker than 12 ML. This may explain the experimental findings of the
growth of flat InAs overlayers with self-limiting thickness of ~ 11 ML on GaAs
nanomesas.
4.1 Introduction
The large (6.6%) lattice mismatch and associated strain at InAs/GaAs(001)
interfaces have recently been utilized to fabricate a number of nanostructures [60-64].
On infinite planar substrates, the strain relief leads to the formation of coherent threedimensional island structures above a critical amount, ~ 1.6 ML, of InAs deposition
[60,61]. When InAs is deposited on <100> oriented GaAs square mesas of size < 75
nm, on the contrary, the island morphology is suppressed and, instead, a continuous
film with flat morphology is observed. This InAs film growth is, however, selflimiting and stops at ~ 11 ML [63]. In order to understand the self-limiting nature of
the InAs film growth, it is important to know atomistic information about mechanical
stress and the in-plane lattice constant of InAs layers in the InAs/GaAs square
nanomesas. However, this atomistic information has so far been lacking. Recently,
molecular dynamics as well as first-principle simulations have been widely used to
study the dynamic, structural, electronic and mechanical properties of various
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structures, and environment-dependent interatomic potentials have been developed [6571].

In particular, atomic-level surface stresses and pressure distributions on

InAs/GaAs nanomesas have been studied via MD simulations [71].
In this Chapter, we report MD simulations of InAs/GaAs nanomesas with
<100> oriented square base and {101} sidewalls on GaAs(001) substrates. We have
investigated the mechanical stresses and the in-plane lattice constant of InAs layers
parallel to the InAs/GaAs(001) interface in the nanomesas.
4.2 Interatomic Potential for the Atoms at the Interface
The MD simulations are based on reliable interatomic potentials of the form
(2.30), which can successfully describe a wide range of physical properties of InAs and
GaAs. The potential parameters are determined so that a set of experimental data and
first-principle calculations of electronic structures for the bulk are reproduced. The
potentials reproduce well the experimental crystalline lattice constants, cohesive
energies, elastic constants, surface energies, high-pressure structural transitions,
phonon density-of-states, and neutron-scattering data for liquid and amorphous
structures.
In order to study the InAs/GaAs nanomesas, we need to develop an interatomicpotential scheme to represent the mixed environment experienced by the atoms at the
InAs/GaAs interface.

To this end, we have developed a scheme to combine

interatomic potentials of binary materials (InAs and GaAs) in such a way that the
resulting potential depends on the local chemical composition. For systems involving
Ga, In, and As, we use an environment-dependent linear interpolation scheme to
combine the interatomic potentials for GaAs and InAs. This scheme is adaptive in
which As atoms are classified into different types according to the number of Ga and In
neighbor atoms [72]:
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i) The two-body potential between different cations (Ga and In) is the average of the
cation-cation interaction potentials in the pure compounds (GaAs and InAs),

v£-,. =

V <2)

+ V^2)

(4.1)

ii) The two-body interaction potential between As interpolates the potentials in the pure
compounds, since the first neighbor shell of each cation is As, whereas the first
neighbor of As is either Ga or In. Therefore, we have five different neighbor
configurations for As, and consequently five different types of As in the alloy. Let As
atom be labeled as A s^ (n=0,...,4), where n is the number of In atoms around the As
atom. The As-As interaction potential is then interpolated as
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iii) The three-body interaction potential Ga-As-In is the average of those in the pure
compounds
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All other interactions are the same as those in the pure compounds.
4 J MD Setup and Results
Figure 4.1 shows a schematic of an InAs/GaAs nanomesa with a 12 ML InAs
overlayer, <100> oriented square base and {101} sidewalls on a GaAs(OOl) substrate.
Periodic boundary conditions are applied to the GaAs substrate of size L = 474.9 A in
both x and y directions. The GaAs mesa top size is 124.4 A x 124.4 A and the system
consists of 2,205,157 atoms.
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L
Figure 4.1 Schematic of an InAs/GaAs nanomesa with <100> oriented square base and
{101} sidewalls on a GaAs (001) substrate.

The initial configuration of the InAs/GaAs nanomesa with a 16 ML InAs
overlayer is constructed by setting the lattice constant of InAs the same as that of
GaAs. Equations of motion are integrated using a reversible symplectic algorithm [45]
with a time step At of 2.0 fs. The system is first quenched to OK for 10A/, i.e., the
velocities of all atoms are set to zero every At. Subsequently, we quench the system
with a factor of 0.8 whenever the temperature of the system is higher than 3K, every
5A/ for 5,000Af. Figures 4.2, 4.3, and 4.4 show the atomic-level hydrostatic stress
(defined as [a^+a^-KTj/3) distributions of an InAs/GaAs nanomesa with a 16 ML
InAs overlayer, after being quenched for 2,000Ar, 3,OOOA/, and 5,000Ar, respectively.
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Figure 4.2 Atomic-level hydrostatic stress distribution in an InAs/GaAs square
nanomesa with a 16 ML InAs overlayer after being quenched for 2,000A/. Negative
pressure means tensile and positive pressure means compressive.
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Figure 4 3 Atomic-level hydrostatic stress distribution in an InAs/GaAs square
nanomesa with a 16 ML InAs overlayer after being quenched for 3,000A/. Negative
pressure means tensile and positive pressure means compressive.

We find that the hydrostatic stresses in the InAs layer become tensile above ~
12th ML after the nanomesa has been quenched 5,000A/, and cracks are developed on
the top of the nanomesa, due to the tensile stress; see Figure 4.4. However, the
hydrostatic stresses in the InAs layer lower than ~ 12th ML is still compressive. We are
interested in an InAs/GaAs square nanomesa with a 12 ML InAs layer, which has the
InAs thickness observed in the experiment So we remove the top 4 ML of InAs from
the nanomesa with a 16 ML InAs overiayer, and quench the system to OK in the same
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time.

Subsequently, we quench the system with a factor of 0 3 whenever the

temperature of the system is higher than 0.5K, every 5A/ for 500Ar. Then, the system
is quenched with a factor of 0.8 whenever the temperature of the system is higher than
03K, every 5A/ for 29,500A/. At this point, the system is in a mechanically stable state
and hence we obtain an InAs/GaAs nanomesa with a 12 ML InAs overlayer.

Figure 4.4 Atomic-level hydrostatic stress distribution in an InAs/GaAs square
nanomesa with a 16 ML InAs overlayer after being quenched for 5,OOOAr. Negative
pressure means tensile and positive pressure means compressive.
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Figure 4 3 shows the atomic-level hydrostatic stress distribution of the
InAs/GaAs nanomesa with a 12 ML InAs overlayer. Due to the lattice mismatch, a
tensile stress well is formed in GaAs immediately below the InAs/GaAs interface.
Figure 4.6 shows an enlarged cross-sectional view of the InAs/GaAs square nanomesa
with a 12 ML InAs overlayer. It is found that the in-plane lattice constant of the InAs
layer gradually increases with the number of InAs monolayer.
The lattice mismatch as well as the geometry of the nanomesa plays an
important role in the relaxation of the InAs layers. We are more interested in the effect
of lattice mismatch, since it is the fundamental cause for the relaxation of the InAs
layers.

Figure 4 3 Atomic-level hydrostatic stress distribution in an InAs/GaAs square
nanomesa with a 12 ML InAs overlayer. Negative pressure means tensile and positive
pressure means compressive.
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Figure 4.6 Enlarged cross-sectional view of an InAs/GaAs square nanomesa with a 12
ML InAs overlayer. The figure shows a slice at the center of the nanomesa.

In order to isolate the effect of lattice mismatch, we construct a GaAs square
nanomesa of exactly the same geometry as the InAs/GaAs square nanomesa, with the
12 ML InAs overlayer replaced by a 12 ML GaAs overlayer. Again, the system is
quenched and relaxed by scaling atomic velocities for 35,000 time steps. Once the
system reaches a mechanically stable state, the in-plane lattice constant of each
monolayer of the 12 ML GaAs overlayer in the GaAs square nanomesa is calculated.
For the 12 ML GaAs overlayer, the in-plane lattice constant shows small changes for
the lower 5 ML and increases monotonically for the upper 7 ML, with value higher
than the GaAs bulk lattice constant (5.6532 A). The net increase of the in-plane lattice
constant of the 12 ML GaAs overiayer with respect to the GaAs bulk value is caused
by the geometry of the nanomesa. This net increase is subtracted from the in-plane
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lattice constant of the corresponding 12 ML InAs overlayer in the InAs/GaAs
nanomesa, isolating the effect of lattice mismatch.
Figure 4.7 shows the in-plane lattice constant of each monolayer of the 12 ML
InAs overlayer on the InAs/GaAs nanomesa, the net increase of in-plane lattice
constant of the corresponding 12 ML GaAs overlayer on the GaAs nanomesa (see the
inset), and the subtraction of the two. The subtracted in-plane lattice constant of the
12* InAs monolayer is 6.083
(6.058

A).

A, which

is slightly larger than the InAs bulk value

Similar calculations are performed for InAs/GaAs square nanomesa with

10, 14, and 16 ML InAs overlayers. The subtracted in-plane lattice constants of the
10*, 14*, and 16* InAs monolayer are 5.975

A, 6.122 A, and 6.151 A, respectively.

The subtracted in-plane lattice constant of the 10* InAs monolayer is smaller, while
those of thel4* and 16th InAs monolayer are larger, than the InAs bulk value.
Moreover, the hydrostatic stresses in InAs layers are tensile above - 12* monolayer, in
contrast to the compressive stresses in the InAs layers below - 12* monolayer. This
change from compressive to tensile stress may underline the experimental findings of
the growth of flat InAs overlayers with self-limiting thickness of ~ 11 ML on GaAs
nanomesas [63].
4.4 Summary
Large-scale molecular dynamics simulations are performed to investigate the
mechanical stresses in InAs/GaAs nanomesas with {101 }-type sidewalls. The in-plane
lattice constant of InAs layers parallel to the InAs/GaAs(001) interface starts to exceed
the InAs bulk value at 12* monolayer and the hydrostatic stresses in InAs layers
become tensile above - 12* ML. Hence, it is not favorable to have InAs overlayers
thicker than 12 ML.
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Figure 4.7 The in-plane lattice constant of each monolayer of the 12 ML InAs
overlayer in the InAs/GaAs square nanomesa, the net increase of in-plane lattice
constant of the corresponding 12 ML GaAs overlayer on the GaAs square nanomesa
(see the inset), and the subtraction of the two.
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CHAPTERS
CRITICAL LATERAL SIZE FOR DOMAIN FORMATION IN InAs/GaAs
SQUARE NANOMESAS

This Chapter focuses on the lateral size effects on the stress distribution and
morphology of InAs/GaAs square nanomesas, which are investigated via parallel
molecular dynamics [80]. Two mesas with the same vertical size but different lateral
sizes are simulated. For the smaller mesa, a single stress domain is observed in the
InAs overlayer, whereas two stress domains are found in the larger mesa. This
indicates the existence of a critical lateral size for domain formation in accordance with
recent experimental findings. The InAs overlayer in the larger mesa is laterally
constrained to the GaAs bulk lattice constant but vertically relaxed to the InAs bulk
lattice constant, consistent with the Poisson effect.
5.1 Introduction
In recent years, coherently strained three-dimensional (3D) islands formed in
semiconductor overlayers having high lattice-mismatch with underlying substrates,
such as Ge on Si and InAs on GaAs [73,74], have attracted much attention due to their
importance for study of electronic behavior in zero dimension and applications in
electronic and optoelectronic devices.

The role and manipulation of stress in the

formation of such nanostructures have been systematically examined through a study
of the growth of InAs on planar and patterned GaAs(OOl) substrate, these systems
having a large lattice mismatch of - 7% [60,63,64,75,76]. On stripe mesas of sub-100nm widths on GaAs(OOI) substrates, deposition of InAs is shown to allow selfassembly of three, two, and single chains of InAs 3D island quantum dots selectively
on the stripe mesa tops for widths decreasing from 100 nm down to 30 nm [64].
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Growth of InAs overiayers on GaAs(001) nanoscale square mesas of linear dimensions
< 100 nm has been shown to give a remarkable suppression of the 2D-to-3D
morphology change of the overlayer due to the significant strain relief provided by the
free surfaces of the overlayer itself and the strain accommodation by the underlying
GaAs square mesa [63]. The square and stripe mesas, together with the studies on
planar surfaces, bracket the entire regime of length scales of significance to stress
relaxation and manipulation leading to control of the island number (and hence
density) on chosen nanoscale area arrays. However, atomistic information about the
morphology and mechanical stress on InAs/GaAs square nanomesas has so far been
lacking. Recently, molecular dynamics has been used to study the behavior of
energetics, atomic-level stress, and strain in coherent 3D Ge islands on Si(001)
substrates and Ge overlayers on Si(001) nanomesas [77,78].
In this Chapter, we report MD simulations of InAs/GaAs nanomesas with
<100> oriented square base and {101} sidewalls on GaAs(OOl) substrates. The
simulations indicate the existence of a critical lateral size for stress domain formation.
It is also found that, for InAs/GaAs nanomesas beyond a certain lateral size, the InAs
overlayer is laterally constrained to the GaAs bulk near the interface but vertically
relaxed to the InAs bulk, and this is consistent with the Poisson effect.
5.2 MD Setup and Procedure
In MD simulations, reliable interatomic potentials are essential ingredients.
Our interatomic potentials for GaAs and InAs consist of two-body and three-body
terms, which are defined in (2.31) and (2.32). In order to study InAs/GaAs mesas, it is
crucial to develop an interatomic-potential scheme to represent the mixed environment
experienced by the atoms at the InAs/GaAs interface. To this end, we have developed
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a scheme to combine interatomic potentials of binary materials (InAs and GaAs) in
such a way that the resulting potential depends on the local chemical composition [72].
Figure S.l shows a schematic of an InAs/GaAs mesa with a 12 monolayer (ML)
InAs overlayer, <100> oriented square base and {101} sidewalls on a GaAs(OOl)
substrate. Periodic boundary conditions are applied to the GaAs substrate of size L =
916 A in both x and y directions. The GaAs mesa top size is 407 A x 407 A and the
system consists of 8.5 million atoms.

InAs

12 ML

5 0 ML

GaAs

{101 }

001

6 0 ML

Az

>

Figure 5.1 Schematic of an InAs/GaAs mesa with <100> oriented square base and
{101} sidewalls on a GaAs(OOl) substrate.
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We construct the initial configuration of the InAs/GaAs nanomesa with a 16
ML InAs overlayer by setting the lattice constant of InAs the same as that of GaAs.
Equations of motion are integrated using a reversible symplectic algorithm [45] with a
time step At of 2.0 fs. The system is first quenched to OK for 10At, i.e., the velocities
of all atoms are set to zero every A/. Subsequently, we quench the system with a factor
of 0.8 whenever the temperature of the system is higher than 3K, every 5At for
55,000A/. We are interested in an InAs/GaAs square nanomesa with a 12 ML InAs
layer, which has the InAs thickness observed in the experiment. So we remove the top
4 ML of InAs from the nanomesa with a 16 ML InAs overlayer, and quench the system
to OK. Then, we quench the system with a factor of 0.8 whenever the temperature of
the system is higher than 0.5K, every 5At for 1.000A/. At this point, the system is in a
mechanically stable state and hence we get an InAs/GaAs nanomesa with a 12 ML
InAs overlayer.
In order to investigate the effect of different lateral sizes on the stress
distribution and morphology of the InAs/GaAs square nanomesas, we have also
simulated an InAs/GaAs nanomesa with the same geometry but smaller size [71,79] in
which the GaAs substrate size L = 475 A in both x and y directions, the GaAs mesa top
size is 124 A x 124 A and the system consists of 2.2 million atoms. The heights of
both the GaAs substrate and the InAs/GaAs mesa are kept the same in these
nanomesas.

S3 Critical Lateral Size for Domain Formation
Recently, strain/stress relaxation and surface morphology in InAs/GaAs
heteroexpitaxy have been investigated via experimental measurements and computer
simulations [81-91]. Strained-layer heteroepitaxial growth of semiconductor films is of
major technological interest. One of the main obstacles that hamper high-structural-
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quality InAs/GaAs heteroepitaxial growth is the limit of strain accommodation in the
InAs overlayer film. Since stress is inherently related to strain, strain relaxation is
equivalent to stress relaxation. Benabbas et. al [90] have used finite element (FE)
analysis and transimission electron microscopy (TEM) observations to model stress
relaxation in InAs quantum dots deposited on (001) GaAs. They found that elastic
stress relaxation mainly occurs at the crest of the island and that the underlying
substrate is under tension. Nosho et. al [83] have studied the surface morphology of
InAs films grown on G aA s(lll)A by scanning tunneling microscopy (STM). They
found that the vertical surface displacement on the InAs films depend on the
underlying GaAs buffer layer thickness and specifically, thin GaAs layers are observed
to behave mechanically similar to compliant substrates. They have also performed
atomistic simulations within a valence force field model to compare quantitatively how
the InAs surface morphology depends on film thickness and the underlying GaAs layer
thickness. The atomistic simulations and experimental results agree excellently over a
range of film thickness where the misfit dislocation network at the semicoherent
InAs/GaAs interface is fully developed.
In our case, InAs is deposited on GaAs(lOO) surface. Let us examine the effect
of lateral size of InAs/GaAs nanomesa on the stress distribution in the nanomesa.
Figure 5.2 shows the atomic-level hydrostatic stress in the vertical cross sections at the
center of the 2.2 million-atom and 8.5 million-atom nanomesas. Due to the lattice
mismatch, tensile stress wells are formed in GaAs immediately below the InAs/GaAs
interfaces. It can be seen from Figure 5.2(a) that in the 2.2 million-atom nanomesa, the
hydrostatic stress in the InAs overlayer is essentially homogeneous. However, In the
8.5 million-atom nanomesa, the hydrostatic stress in the InAs overiayer is
inhomogeneous and consists of highly and less compressive domains: A highly
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compressive domain is located at the center of the InAs overlayer, whereas the
peripheral region of the InAs overlayer is less compressive; see Figure 5.2(b).

■
■

■
■

1

1

Figure 5.2 Atomic-level hydrostatic stresses in the cross sections through the center of
the (a) 2.2 million-atom, and (b) 8.5 million-atom nanomesas.

Next, we discuss the morphology of the InAs overlayer near the InAs/GaAs
interface. Figure 5 3 shows the vertical displacement of As atoms in the first As layer
above the first In layer in the 2.2 million-atom and 8.5 million-atom nanomesas. The
vertical displacement is measured with respect to the ideal bulk atomic plane of that As
layer (z = 0). In order to show the details of the morphology of the layer, the vertical
displacement of each atom has been magnified by a factor of 40. The morphology of
the first InAs monolayer above the InAs/GaAs interface in the 2.2 million-atom
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nanomesa, shown in Figure 53(a), resembles the morphology of the first Ge layer in
coherent 3D Ge islands on Si(001) substrates [77].
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Figure 53 Vertical displacement of As atoms in the first As layer above the first In
layer in the (a) 2.2 million-atom, and (b) 8 3 million-atom nanomesas.

For the 2.2 million-atom nanomesa, the As layer is “dome” shaped, in which
atoms have an upward displacement of ~0.8 A at the center and a downward
displacement of ~ 0 3 A at the edges. In contrast, the As layer in the 8 3 million-atom
nanomesa shows a “dimple” at the center of the mesa; see Figure 53(b). At the “rim”
and “bottom” of the “dimple”, atoms have upward displacements of ~ 1.0 A and ~ 0 3
A, respectively, while atoms at the edges have a downward displacement of ~ 1.6 A.
The “dimple” is located at roughly the same position as the enhanced compressive
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stress domain shown in Figure 5.2(b). This provides clear evidence that there exists a
critical lateral size for such stress domain formation, and the critical value is
somewhere between 124 A and 407 A. A similar sensitivity of the number of islands
to the lateral size of mesa has been observed in recent experiments [64]: deposition of
InAs is shown to allow self-assembly of three, two, and single chains of InAs 3D island
quantum dots selectively on the stripe mesa tops for widths decreasing from 100 nm
down to 30 nm.
5.4 Structural Correlations in the InAs/GaAs Nanomesas
In the InAs/GaAs heteroexpitaxy, strain relaxation play an important role in
determining the structural and electronic properties of InAs overlays. Recently, Ohtake
et. al [81] have studied the strain relaxation process in InAs heteroepitaxy on
G aA s(lll)A using rocking-curve analysis of reflecting high-energy electron
diffraction. They have performed in situ measurements of strain in the surface-normal
direction during the InAs/GaAs heteroepitaxy. They found that the lattice constant in
the direction normal to the surface remains almost unchanged below ~3ML.
To the best of our knowledge, there is no experimental measurements of the
strain relaxation process in InAs heteroepitaxy on GaAs(lOO). However, structural
correlations may provide valuable information on the strain relaxation process. We
have analyzed the structural correlations in the InAs/GaAs nanomesas through a pair
distribution function (PDF), g(r). This function gives the probability of finding a pair
of atoms a distance r apart, relative to the probability expected for a completely
random distribution at the same density. The In-In and In-As PDFs in the 2.2 millionatom and 8.5 million-atom nanomesas are shown in Figure 5.4.
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Figure 5.4 The In-In and In-As pair distribution functions in the (a) 2.2 million-atom,
and (b) 8.5 million-atom nanomesas.

For the 2.2 million-atom nanomesa, the In-In PDF has only one first-neighbor
peak at 4.30 A (which is close to the InAs bulk value, 4.28

A); see Figure 5.4(a).

This

suggests that the lattice spacing in the InAs overlayer is mostly relaxed to its bulk
value. For the 8.5 million-atom nanomesa, however, the first-neighbor peak of In-In
PDF is split into two sub-peaks at 4.06 A (which is close to the GaAs bulk value, 4.00

A), and 4.31 A (which is close to the InAs bulk value, 4.28 A); see Figure 5.4(b).

This

indicates that the InAs overlayer is only partially relaxed to its bulk value. The In-As
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PDFs in the two nanomesas, on the contrary, show that the first-neighbor peak
positions are essentially the same as the InAs bulk value.
To understand the origin of the split first-neighbor peak of In-In PDF in the 8.5
million-atom nanomesa, the in-plane In-In PDF of InAs layer parallel to the
InAs/GaAs(001) interface is calculated. The In-In PDF and the in-plane In-In PDF in
the 12 ML InAs overlayer are shown in Figures Figure 5.5(a) and 5.5(b), respectively.
It can be seen that the first sub-peak in Figure 5.5(a) coincides with the first peak in
Figure 5.5(b). This shows that the first sub-peak of In-In PDF is entirely due to in
plane correlations. The second sub-peak in the In-In PDF is, on the other hand,
contributed by the inter-plane correlations. In other words, the InAs overlayer is
laterally constrained to the GaAs lattice near the interface but vertically relaxed to
approach the InAs lattice. This is consistent with the Poisson effect.
5.5 Summary
We have performed multimillion-atom molecular dynamics simulations of
InAs/GaAs square nanomesas with {101 }-type sidewalls to study the lateral size effect
on the stress distribution and morphology. The simulations indicate the existence of a
critical lateral size for domain formation in accordance with recent experimental
findings. A single stress domain is found in a smaller mesa, whereas a large mesa
contains 2 stress domains. It is also found that, in the large nanomesa, the InAs
overlayer is laterally constrained to the GaAs bulk near the interface but vertically
relaxed to the InAs bulk, and this is consistent with the Poisson effect.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

8.5 million atom s
bulk
Ga-Ga’

\f

bulk
Irvin

450

In-In PDF
300
150

8 10

'

6 10

^ in-plane In-In PDF

'

O)

410'
2 10

'

r (A)

Figure 5.5 (a) The In-In pair distribution function and (b) the in-plane In-In pair
distribution function of InAs layer parallel to the InAs/GaAs(00I) interface, in the 12
ML InAs overlayer of the 8.5 million-atom nanomesa.
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CHAPTER 6
ATOMISTIC SIMULATIONS OF GRAIN BOUNDARY FRACTURE IN
DIAMOND

In this Chapter we report the results of molecular dynamics simulations which
are performed to investigate the behavior under load of several <001> and <011>
symmetrical tilt grain boundaries (GBs) in diamond [92-95]. The results indicate that
special short-period GBs possess higher strengths and greater resistance to crack
propagation than GBs in the nearby misorientation angles [92]. Crack propagation in
polycrystalline diamond samples under an applied load is also simulated, and found to
be predominantly transgranular rather than intergranular.
6.1 Introduction
In recent years, chemical vapor deposited (CVD) diamond films have received
considerable attention for applications requiring hard, wear-resistant coatings, due to
their extremely high strength and fracture toughness [96]. However, relationships
between specific values for the properties, microstructure and crack propagation
mechanisms, are not well understood. Moreover, the tendency for diamond to deposit
as a polycrystalline film with a high density of GBs and related defects degrade many
of its desirable properties. For example, defects in coatings can induce intermediate
states in the band gap, and significantly reduce thermal conductivity due to phonon
scattering. Mechanical properties of CVD diamond films may also be affected by the
presence of GBs and particularly depend on GBs structures. It is known that different
types of GBs can behave differently under applied load, e.g., they may have different
resistance to crack propagation [97,98]. Hence, studying the mechanical properties of
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different types of GBs may help us predict what types of microstructures provide the
highest toughness of the film.
Recently, atomistic simulations have been used to provide important insights
into the mechanisms of dynamic crack propagation in various systems [99-103]. In
this Chapter, results from a series of molecular dynamics simulations designed to yield
insight into the relationship between microstructural elements and crack propagation
mechanisms in polycrystalline diamond are reported. The fracture properties of
individual <001> and <011> symmetrical tilt GBs both with and without pre-existing
flaws are studied in several sets of simulations. The simulations predict that special
short-period GBs possess higher strengths than GBs in the nearby misorientation range,
consistent with their enhanced energetic stability [92]. The simulations also predict
that crack propagation in notched samples is primarily transgranular unless an initial
crack is inserted directly into a GB.
In the MD simulations, we have used Brenner’s reactive empirical bond-order
potential, which has the form of (2.23). Fracture simulations are valuable tests of
reliability of interatomic potentials since fracture properties usually are not included in
the fitting database. During a crack propagation, atoms are subjected to different
bonding environments. The atoms near a crack tip are under atomic environments that
are far from ideal bond lengths and bond angles. Moreover, fracture properties are
sensitive to the behavior of the interatomic potential near the inflection point and in the
cutoff region. For a typical interatomic potential, the interaction has to be cut off
before the second neighbor distance by using a suitable switching function. Usually
the form of switching function does not affect most of the bulk and surface properties
of materials and can be chosen arbitrarily rather than fitted to experiments. However,
the switching function is crucial in describing bond breaking during fracture process.
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If the switching function is not properly chosen, unphysical behaviors may be observed
in atomistic fracture simulations, such as very high critical stresses and strains for
diamond fractures.
In the initial version of the potential [13], a switching function cuts off the
interaction between 1.7 and 2.0

A.

This choice is well justified by the nature of

covalent bonding and works well for most equilibrium structures. However, as C-C
bonds are stretched beyond 1.7 A, things are different - it significantly influences the
forces in the vicinity of the inflection point (~ 1.85

A in

diamond for the < 111>

direction). To avoid this problem, the cutoff distance is extended beyond the
inflection point. A bond list using the original (2 A) cutoff distance is constructed for
the initial system and is left unchanged during the simulations. This ad hoc scheme
solves the cutoff problem while still describing bond breaking and changes in the
chemistry of the bond during cleavage. However, its application is restricted to
phenomena that involve bond breaking but not new bond formation.
6.2 MD Setup and Procedure
We have performed three sets of simulations, each with a different type of
initial structure. The first set consists of single symmetrical tilt GBs with <001> and
<011> misorientation axes with no pre-existing flaws. The initial structures of these
GBs are based on a coincident-site lattice model for group IV materials in which each
atom is four-fold coordinated. Periodic boundary conditions are applied within the GB
plane, and each system contains approximately 4,000 atoms. Equations of motion are
integrated with a time step Af of 1.0 fs. First, the GBs are gradually heated to 300K.
Then, the crystals are strained at a rate of 2%/ps along the direction perpendicular to
the GB plane until 20%. This is accomplished by moving two regions of atoms 3A
wide and 10 lattice parameters on both sides of the GB away from the interface.
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During the simulations, the atomic positions within the end regions are held constant
while the remaining atoms are allowed to move. The quantities considered in this set of
simulations were the maximum fracture stresses of the GBs compared to the bulk, and
the GB work for fracture defined by the areas under the stress-strain curves. Figure 6.1
shows a single symmetrical tilt GB with no pre-existing flaws, before and after
fracture.

(a)

(b)

Figure 6.1 A single symmetrical tilt GB with no pre-existing flaws, (a) before and (b)
after fracture.

In the second set of simulations, a surface notch 30A long oriented
perpendicular to the direction of strain is inserted into the GB; see Figure 6.2. Periodic
boundary conditions are applied within the GB plane, and each system contains
approximately 50,000 atoms. Equations of motion are integrated with a time step A/ of
1.0 fs.

After the notch is inserted, the conjugate gradient method is employed to relax

the system. Then, the GB is gradually heated to 300K and strained at a rate of 2%/ps
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along the direction perpendicular to the GB plane until 20%. Strain is applied to these
systems as described above until a crack started to propagate, after which the
coordinates of the atoms in the end regions are left unchanged.

(a)

(b)

Figure 6.2 A single symmetrical tilt GB with a surface notch 30A long oriented
perpendicular to the direction of strain is inserted into the GB, (a) before and (b) after
crack propagation.

The third set of simulations is identical to the second except that different GB
orientations with respect to the notch and applied strain are examined. The same
simulation procedure is used as in the second set of simulations. GBs with different
angle of inclination of the GB plane relative to the notch plane have been studied.
These GBs are the following: 13-1,13-2,13-3,13-4,13-5,450-3,9-1,9-2,9-4, and 273, denoted according the GB type and the angle of inclination of the GB plane relative
to the notch plane. Figures 6.3-6.7 show the snapshots of these GBs before and after
crack propagation.
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13-2

13-2

Figure 6.3 Snapshots of GBs 13-2 and 13-3, before and after crack propagation
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13-4

13-4

Figure 6.4 Snapshots of GBs 13-4 and 13-5, before and after crack propagation.
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13-1

13-1

450-3

450-3

Figure 6.5 Snapshots of GBs 13-1 and 450-3, before and after crack propagation.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

fGB59^ d 9 . ^ ^ ””d
e 6 6 Snapshot ° ' °

f igoie 0.0

94
ibfted >nW
» A V * ”****''
proh”*
./,nht 0 ^ ^ :,.M O itt'eCO

Figure 6.7 Snapshots of GBs 9-1 and 27-3, before and after crack propagation.

63 Crack Propagation
In general, when a crack reaches a GB, it can propagate within the GB
(intergranular fracture), or penetrate into the second grain (transgranular fracture).

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Within the second grain, the crack can keep moving in the initial direction of
propagation or deviate into the easier cleavage plane. Figures 6.3-6.7 show that in
most cases transgranular crack propagation is observed. These events depend on the
GB cleavage energy, relative bulk cohesive energies of the first and second grains, and
the inclination angle of the GB relatively to the initial plane of a crack propagation
[92]. Unless an angle between a primary crack plane and a GB is small, the crack
tends to cross the GB.

Our molecular dynamic simulation results indicate

predominantly a transgranular mode, rather than an intergranular mode, of fracture in
polycrystalline diamond.
6.4 Summary
A series of molecular dynamics simulations have been performed to investigate
the behavior under load of several <001> and <011> symmetrical tilt grain boundaries
(GBs) in diamond. These MD simulations are based on the bond-order analytic
potential. Crack propagation in polycrystalline diamond samples under an applied load
is also simulated, and found to be predominantly transgranular rather than
intergranular.
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CHAPTER 7
CONCLUSIONS

In this dissertation, we have discussed the implementation of large-scale molecular
dynamics (MD) simulations on parallel machines, which has been used to study the flat
InAs overlayers with self-limiting thickness on GaAs square nanomesas, the critical
lateral size for domain formation in InAs/GaAs square nanomesas, and the behavior
under load of several <001> and <011> symmetrical tilt grain boundaries (GBs) in
diamond. In addition, surface energies and surface reconstructions of GaAs and InAs
have been examined using MD and the conjugate gradient method. The simulations are
based on realistic interatomic potentials, which have been validated by comparing with
experiments. Multiresolution algorithms which are of 0(N) have been employed to
compute interatomic interactions efficiently in these multi-million MD simulations.
We have calculated surface energies of GaAs and InAs for the (100), (110), and
(111) orientations. Both MD and the conjugate gradient method are used and the results
are in excellent agreement Surface reconstructions on GaAs(100) and InAs(100) are
studied via the conjugate gradient method.

We have developed a new model for

GaAs(100) and InAs(100) surface atoms. Not only does this model reproduce well
surface energies for the (100) orientation, it also yields (1x2) dimer lengths in accordance
with ab initio calculations.
Large-scale molecular dynamics simulations are performed to investigate the
mechanical stresses in InAs/GaAs nanomesas with {101 }-type sidewalls. The in-plane
lattice constant of InAs layers parallel to the InAs/GaAs(0Ol) interface starts to exceed
the InAs bulk value at 12* monolayer (ML) and the hydrostatic stresses in InAs layers
become tensile above ~ 12* ML. As a result, it is not favorable to have InAs overlayers
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thicker than 12 ML. This may explain the experimental findings of the growth of flat
InAs overlayers with self-limiting thickness of - 11 ML on GaAs nanomesas.
We have also examined the lateral size effects on the stress distribution and
morphology of InAs/GaAs square nanomesas using parallel molecular dynamics. Two
mesas with the same vertical size but different lateral sizes are simulated. For the smaller
mesa, a single stress domain is observed in the InAs overlayer, whereas two stress
domains are found in the larger mesa. This indicates the existence of a critical lateral size
for domain formation in accordance with recent experimental findings.

The InAs

overlayer in the larger mesa is laterally constrained to the GaAs bulk lattice constant but
vertically relaxed to the InAs bulk lattice constant, consistent with the Poisson effect
Finally, a series of molecular dynamics simulations have been performed to
investigate the behavior under load of several <001> and <011> symmetrical tilt grain
boundaries (GBs) in diamond. These MD simulations are based on the bond-order
analytic potential.

Crack propagation in polycrystalline diamond samples under an

applied load is also simulated, and found to be predominantly transgranular rather than
intergranular.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

REFERENCES

1.

P. Hohenberg and W. Kohn, Inhomogeneous Electron Gas. Phys. Rev., 1964. 136:
p. B864.

2.

W. Kohn and L. J. Sham, Self-Consistent Equations Including Exchange and
Correlation Effects. Phys. Rev., 1965.140: p. A1133.

3.

R. Car and M. Parrinello, Unified Approach fo r Molecular Dynamics and DensityFunctional Theory. Phys. Rev. Lett., 1985.55: p. 2471.

4.

M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopopulos,
Iterative Minimization Techniques fo r ab initio Total Energy Calculations:
Molecular Dynamics and Conjugate Gradients. Rev. Mod. Phys., 1992. 64: p.
1045.

5.

G. Galli and A. Pasquarello, First Principles Molecular Dynamics, in Computer
Simulation in Chemical Phyics, M.P. Allen and T.J. Tildesley, Editors. 1993,
Kluwer: Dordchester. p. 261.

6.

P. Vashishta, R. K. Kalia, J. P. Rino, and I. Ebbsjo, Interaction Potential for Si02:
A Molecular-Dynamics Study o f Structural Correlations. Phys. Rev. B, 1990.
41(17): p. 12197.

7.

P. Vashishta, R. K. Kalia, and I. Ebbsjo, Low-Energy Floppy Modes in HighTemperature Ceramics. Phys. Rev. Lett., 1995.75(5): p. 858.

8.

C.-K. Loong, P. Vashishta, R. K. Kalia, and I. Ebbsjo, Crystal Structure and
Phonon Density o f States o f High-Temperature Ceramic Silicon Nitride. Europhys.
Lett., 1995.31(4): p. 201-206.

9.

J. Tersoff, Empirical Interatomic Potential fo r Carbon, with Applications to
Amorphous Carbon. Phys. Rev. Lett, 1988.61(25): p. 2879.

10. J. Tersoff, New Empirical Model fo r the Structural Properties o f Silicon. Phys.
Rev. Lett, 1986.56(6): p. 632.
11. J. Tersoff, Modeling Solid-State Chemistry: Interatomic Potentials fo r Multicomponent Systems. Phys. Rev. B, 1989.39(8): p. 5566.
12. F. H. Stillinger and T. A. Weber, Computer Simulation o f Local Order in
Condensed Phases o f Silicon. Phys. Rev. B, 1985.31: p. 5262.
13. D. W. Brenner, Empirical Potentials fo r Hydrocarbons fo r Use in Simulating the
Chemical Vapor Deposition o f Diamond Films. Phys. Rev. B, 1990. 42(15): p.
9458.
14. D. W. Brenner, S. B. Sinnott and J. A. Harrison, Reactive Empirical Bond Order
(REBO) Potential Energy Expressionsfo r Hydrocarbons, preprint, 1995.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

15. M. S. Daw and M. I. Baskes, Semiempirical, Quantum Mechanical Calculation of
Hydrogen Embrittlement in Metals. Phys. Rev. Lett., 1983.50: p. 1285.
16. M. W. Finnis and J. E. Sinclair, A Simple N-body Potential fo r Transition Metals.
Philos. Mag., 1984.50(1): p. 45.
17. S. Nosd, A Unified Formulation o f the Constant Temperature Molecular Dynamics
Methods. J. Chem. Phys., 1984.81(1): p. 511.
18. W. G. Hoover, A. J. C. Ladd, and B. Moran, High Strain Rate Plastic Flow Studied
via Nonequilibrium Molecular Dynamics. Phys. Rev. Lett., 1982.48: p. 1818.
19. M. P. Allen and D. J. Tildesley, Computer Simulation o f Liquids. 1987: Clarendon
Press, Oxford.
20. H. C. Andersen, Molecular Dynamics Simulations at Constant Pressure and/or
Temperature. J. Chem. Phys., 1980.72(4): p. 279.
21. S. Nosd, A Molecular Dynamics Method fo r Simulations in the Canonical
Ensemble. Molecular Physics, 1984.52(2): p. 255.
22. H. C. Andersen, Molecular Dynamics Simulations at Constant Pressure and/or
Temperature. J. Chem. Phys., 1980.72(4): p. 279.
23. M. Parrinello and A. Rahman, Strain Fluctuations and Elastic Constants. J. Chem.
Phys., 1982.76(5): p. 2662.
24. J. A. Harrison, C. T. White, R. J. Colton, and D. W. Brenner, Atomistic Simulations
o f Friction at Sliding Diamond Interfaces. MRS Bulletin, 1993.18(5): p. 50-53.
25. D. W. Brenner, Chemical Dynamics and Bond-Order Potentials. MRS Bulletin,
1996.21(2): p. 36.
26. D. H. Robertson, D. W. Brenner, and J. W. Mintmire, Energetics o f Nanoscale
Graphitic Tubules. Phys. Rev. B, 1992.45(21): p. 12592.
27. D. H. Robertson, D. W. Brenner, and C. T. White, On the Way to Fullerenes:
Molecular Dynamics Study o f the Curling and Closure o f Graphitic Ribbons. J.
Phys. Chem., 1992.96(15): p. 6233-6135.
28. J. Yu, A. Omeltchenko, R. K. Kalia, P. Vashishta, and D. W. Brenner. Large Scale
Molecular Dynamics Study o f Amorphous Carbon and Graphite on Parallel
Machines, in MRS Proc. 1996.
29. F. Li and J. S. Lannin, Radial Distribution Function o f Amorphous Carbon. Phys.
Rev. Lett., 1990.65: p. 1905.
30. G. Galli, R. M. Martin, R. Car, and M. Parrinello, Structural and Electronic
Properties o f Amorphous Carbon. Phys. Rev. Lett., 1989.62: p. 555.

100

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

31. G. Galli, R. M. Martin, R. Car, and M. Parrinello, Carbon: The Nature o f the liquid
State. Phys. Rev. Lett, 1989.63: p. 988.
32. C. Z. Wang and K. M. Ho, Structure, Dynamics, and Electronic Properties of
Diamondlike Amorphous Carbon. Phys. Rev. Lett, 1993.71: p. 1184.
33. P. Vashishta, R. K. Kalia, A. Nakano, et al., in Amorphous Insulators and
Semiconductors, edited by M. F. Thorpe and M. I. Mitkova (NATO ASI, 1996).
34. I. Ebbsjd, R. K. Kalia, A. Nakano, J. P. Rino, and P. Vashishta, Topology of
Amorphous Gallium Arsenide on Intermediate Length Scales: A Molecular
Dynamics Study. J. Appl. Phys., 2000.87(11): p. 7708.
35. G.-X. Qian, R. M. Martin and D. J. Chadi, First-pinciple Study o f the Atomic
Reconstructions and Energies o f Ga- and As-stabilized GaAs(lOO) Surfaces. Phys.
Rev. B, 1988.38(11): p. 7649.
36. N. Moll, A. Kley, E. Pehlke, and M. Scheffler, GaAs Equilibrium Crystal Shape
from First Principles. Phys. Rev. B, 1996.54(12): p. 8844.
37. E. Pehlke, N. Moll, A. Kley, and M. Scheffler, Shape and Stability o f Quantum
Dots. Appl. Phys. A, 1997.65: p. 525.
38. D. C. Rapaport, The Art o f Molecular Dynamics Simulation. 1995: Cambridge
University Press.
39. S. Susman, D. L. Price, K. J. Volin, R. J. Dejus, and D. G. Montague, IntermediateRange Order in Binary Chalcogenide Glasses: The First Sharp Diffraction Peak.
J. Non-Cryst. Solids, 1988.106: p. 26-29.
40. J. L. Lebowitz, J. K. Percus, and L. Verlet Ensemble Dependence o f Fluctuations
with Application to Machine Computations. Phys. Rev., 1967.153(1): p. 250.
41. K. S. Cheung and S. Yip, Atomic-Level Stress in an Inhomogeneous System. J.
Appl. Phys., 1991.70(10): p. 5688.
42. Greengard and V. Rokhlin, A Fast Algorithm fo r Particle Simulations. J.
Computational Physics, 1987.73: p. 523.
43. A. Nakano, R. K. Kalia, and P. Vashishta, Scalable Molecular-Dynamics,
Visualization, and Data-Management Algorthmsfo r Materials Simulatons. Compt.
in Sci. & Eng., 1999.1(5): p. 39.
44. W. B. Streett, D. J. Tildesley, and G. Saville, Multiple Time-Step Methods in
Molecular Dynamics. Mol. Phys., 1978.35: p. 639.
45. M. Tuckerman and B. J. Berne, Reversible Multiple Time Scale Molecular
Dynamics. J. Chem. Phys., 1992.97(3): p. 1990.
46. G. C. Fox, R. D. Williams, and P. C. Messsina, Parallel Computing Works,
Morgan Kaufmann, 1994. San Francisco.

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

47. A. Nakano, Multiresolution Load Balancing in Curved Space: The Wavelet
Representation, Concurrency: Practice and Experience, 1999.11: p. 343.
48. D. I. Okunbor and R. D. Skeel, Canonical Numerical Methods fo r Molecular
Dynamics Simulations. J. Comp. Chem., 1994.15(1): p. 72.
49. G. Zhang and T. Schlick, Implicit Discretization Schemes fo r Langevin Dynamics.
Mol. Phys., 1995.84(6): p. 1077.
50. L. Veriet, Computer "Experiments" on Classical Fluids. 1. Thermodynamical
Properties ofLennard-Jones Molecules. Phys. Rev., 1967.159(1): p. 98.
51. W. C. Swope, H. C. Andersen, P. H. Berens, and K. R. Wilson, A Computer
Simulation Methodfo r the Calculation o f Equilibrium Constants fo r the Formation
o f Physical Clusters o f Molecules: Application to Small Water Clusters. J. Chem.
Phys., 1982.76: p. 637.
52. C. Messmer and J. C. Bilello, The surface energy o f Si, GaAs, and GaP. J. Appl.
Phys., 1981.52(7): p. 4623.
53. G. Gdthelid, Y. Garreau, M. Sauvage-Simkin, et al. Atomic Structure o f the As-rich
InAs(100) )-fS2(2x4) Surface. Phys. Rev. B, 1999.59(23): p. 15285.
54. V. P. LaBella, H. Yang, D. W. Bullock, and P. M. Thibado, Atomic Structure o f the
GaAs(001 )-(2x4) Surface Resolved Using Scanning Tunneling Microscopy and
First-Principles Theroy. Phys. Rev. Lett, 1999.83: p. 2989.
55. T. Hashizume, Q. K. Xue, J. Zhou, A. Ichimiya, and T. Sakurai, Structures o f AsRich GaAs(00l)-(2x4) Reconstructions. Phys. Rev. Lett., 1994.73: p. 2208.
56. G. R. Bell, J. G. Belk, C. F. McConville, and T. S. Jones, Species Intermixing and
Phase Transitions on the Reconstructed (001) Surfaces o f GaAs and InAs. Phys.
Rev. B, 1999.59(4): p. 2947.
57. G. P. Srivastava and S. J. Jenkins, Atomic Geometry and Bonding on the
GaAs(00l)-fS2(2x4) Surface from ab initio Pseudopotential Calculations. Phys.
Rev. B, 1996.53(19): p. 12,589.
58. H. Yamaguchi and Y. Horikoshi, Surface Structure Transitions on InAs and
GaAs(OOl) Surfaces. Phys. Rev. B, 1999.51(15): p. 9836.
59. Q. Xue, T. Ogino, H. Kiyama, Y. Hasegawa, T. Sakurai, Surface Reconstruction and
Morphology Evolution in Highly Strained InAs Epilayer Growth on GaAs(OOI)
Surface. J. Crystal Growth 1997.175/176: p. 174.
60. Q. Xie, A. Madhukar, P. Chen, and N. P. Kobayashi, Vertically Self-Organized InAs
Quantum Box Islands on GaAs(100). Phys. Rev. Lett, 1995.75(13): p. 2542.
61. S. Guha, A. Madhukar, and K. C. Rajkumar, Onset o f Incoherency and Defect
Introduction in the Initial Stages o f Molecular Beam Epitaxical Growth o f Highly
Strained lnxGat_/iS on GaAs(100). Appl. Phys. Lett., 1990.57(20): p. 2110.

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

62. A. Konkar, K. C. Rajkumar, Q. Xie, P. Chen, A. Madhukar, H. T. Lin, and D. H.
Rich, In-situ Fabrication o f Three-dimensional Confined GaAs and InAs Volumes
via Growth on Non-planar Patterned GaAs(OOl) Substrates. J. Cryst Growth,
1995.150: p. 311.
63. A. Konkar, A. Madhukar, and P. Chen, Creating Three-Dimensionally Confined
Nanoscale Strained Strictures via Substrate Encoded Size-Reduced Epitaxy and the
Enhancement o f Critical Thickness for Island Formation. Mat. Res. Soc. Symp.
Proc., 1995.380: p. 17.
64. A. Konkar, A. Madhukar, and P. Chen, Stress-Engineered Spatially Selective SelfAssembly o f Strained InAs Quantum Dots on Nonplanar Patterned GaAs(OOI)
Substrates. Appl. Phys. Lett., 1998.72(2): p. 220.
65. W. H. Duan, R. M. Wentzcoviteh, and J. R. Chelikowsky, First-Principles Search
fo r High-Pressure Phases ofGaAs04. Phys. Rev. B., 1999.60(6): p. 3751.
66. V. I. Pipa, V. V. Mitin, and M. Stroscio, Substantial Contribution o f Effective Mass
Variation to Electronacoustic Phonon Interaction via Deformation Potential in
Semiconductor Nanostructures. Appl. Phys. Lett., 1999.74(11): p. 1585.
67. D. G. Truhlar and V. Mckoy, Guest Editors’ Introduction: Computational
Chemistory. Comp, in Sci. & Eng., 2000.2(6): p. 19.
68. D. W. Brenner, The Art o f Science o f an Analytic Potential. Phys. Stat. Sol., 2000.
217(b): p. 23.
69. N. Binggeli and J. R. Chelikowsky, Photoemission Spectra and Structures o f Si
Clusters at Finite Temperature. Phys. Rev. Lett., 1995.75(3): p. 493.
70. M. Z. Bazant, E. Kaxiras and J. F. Justo, Environment-Dependent Interatomic
Potentialfo r Bulk Silicon. Phys. Rev. B, 1997.56(14): p. 8542.
71. X. Su, R. K. Kalia, A. Madhukar, A. Nakano, and P. Vashishta, Multimillion-atom
Simulations o f Atomic-Level Surface Stress and Pressure Distribution on
InAs/GaAs Mesas. Mat. Res. Soc. Symp. Proc., 2000.584: 269.
72. P. S. Branicio, R. K. Kalia, A. Nakano and P. Vashishta, to be published.
73. S. Guha, A. Madhukar, and K. C. Rajkumar, Onset o f Inconherency and Defect
Introduction in the Initial Stages o f Molecular Beam Epitaxical Growth o f Highly
Strained InxGa,.xAs on GaAs(100). Appl. Phys. Lett, 1990.57: p. 2110.
74. D. J. Eaglesham and M. Cerullo, Dislocation-free Stranski-Krastanow growth of
Ge on Si(I00). Phys. Rev. Lett., 1990.64(12): p. 1943.
75. A. Madhukar, Q. Xie and P. Chen, Nature o f Strained InAs Three-Dimensional
Island Formation and Distribution on GaAs(IOO). Appl. Phys. Lett, 1994. 64(20):
p. 2727.

103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

76. Q. Xie, A. Madhukar and P. Chen, InAs Island-Induced Strain Driven Adatom
Migration during GaAs Overlayer Growth. Appl. Phys. Lett., 1994. 65(16): p.
2051.
77. W. Yu and A. Madhukar, Molecular Dynamics Study o f Coherent Island
Energetics, Stresses, and Strains in Highly Strained Epitaxy. Phys. Rev. Lett.,
1997.79(5): p. 905; see also, Erratum, Phys. Rev. Lett., 1997.79(24): p. 4939.
78. M. Makeev, W. Yu and A. Madhukar, to be published.
79. X. Su, R. K. Kalia, A. Madhukar, A. Nakano, and P. Vashishta, Million-Atom
Molecular Dynamics Simulation o f Flat InAs Overlayers with Self-limiting
Thickness on GaAs Nanomesas, submitted to Appl. Phys. Lett.
80. X. Su, R. K. Kalia, A. Madhukar, A. Nakano, and P. Vashishta, Critical Lateral Size
fo r Domain Formation in InAs/GaAs Square Nanomesas: A Multi-million-atom
Molecular Dynamics Study, submitted to Appl. Phys. Lett.
81. A. Ohtake and Masashi Ozeki, Strain Relaxation
Heteroexpitaxy. Phys. Rev. Lett., 2000.84(20): p. 4665.

in lnAs/GaAs(Ul)A

82. C. Priester and M. Lannoo, Origin o f Self-Assembled Quantum Dots in Highly
Mismatched Heteroexpitaxy. Phys. Rev. Lett., 1995.75(1): p. 93.
83. B. Z. Nosho, L. A. Zepeda-Ruiz, R. I. Pelzel et al, Surface Morphology in
InAs/GaAs(lII)A Heteroepitaxy: Experimental and Computer Simulations. Appl.
Phys. Lett., 1999.75(6): p. 829.
84. J. C. Woicik, K. E. Miyano, J. G. Pellegrino, et al, Strain and Relaxztion in InAs
and InGaAs Films Grown on GaAs(001). Appl. Phys. Lett., 1996.68(21): p. 3010.
85. J. M. Garcia, J. P. Silverira, and F. Briones, Strain Relaxation and Segregation
Effects during Self-Assembled InAs Quantum Dots Formation on GaAs(001).
Appl. Phys. Lett., 2000.77(3): p. 409.
86. G. Attolini, E. Chimend, P. Franzosi, et al, Morphological Characterization and
Strain Release o f GaAs/InAs (001) Heterostructures. Appl. Phys. Lett., 1999.
69(7): p. 957.
87. D. Gonzalez, D. Araujo, G. Arogon, and R. Garcia, Critical Thickness fo r the
Satruation State o f Strain Relaxationin the InGaAs/GaAs Systems . Appl. Phys.
Lett., 1998.72(15): p. 1875.
88. H. L. Wang, F. H. Yang, S. L. Feng, et al, Experimental Determination o f Local
Strain Effect on InAs/GaAs Self-Organized Quantum Dots. Phys. Rev. B, 2000.
61(8): p. 5530.
89. G. Attolini, E. Chimend, P. Franzosi, et al, Morphological Characterization and
Strain Release o f GaAs/InAs (001) Heterostructures. Appl. Phys. Lett., 1999.
69(7): p. 957.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

90. T. Benabbas, P. Francois, Y. Androussi, and A. Lefebvre, Stress Relaxation in
Highly Strained InAs/GaAs Structures as Studied by Finite Element Analysis and
Transmission Electron Microscopy. J. Appl. Phys., 1996.80(5): p. 2763.
91. H. Yamaguchi, J. G. Belk, X. M. Zhang, et al, Atomic-Scale Imaging o f Strain
Relaxation via Misfit Dislocations in Highly Mismatched Semiconductor
Heteroeptaxy: InAs/GaAs(lll)A. Phys. Rev. B, 1997.55(3): p. 1337.
92. O.A. Shenderova, D.W. Brenner, A. Omeltehenko, X. Su and L.H. Yang, Atomistic
Modeling o f the Fracture o f Polycrystalline Diamond. Phys. Rev. B, 2000. 61(6):
p. 3877.
93. O.A. Shenderova, D.W. Brenner, A. Omeltehenko, X. Su, L.H. Yang, A i. Nazarov,
Properties o f Polycrystalline Diamond: Multiscale Modeling Approach. Molecular
Simulation, 2000.24: p. 197.
94. O.A. Shenderova, D.W. Brenner, A. Omeltehenko, X. Su and L.H. Yang, Atomistic
Modeling o f Grain Boundary Fracture in Diamond. Mat. Res. Symp. Proc., 1999.
539: p. 218.
95. O.A. Shenderova, D.W. Brenner, A. Omeltehenko, X. Su, L.H. Yang, A i. Nazarov,
Multiscale Modeling o f Polycrystalline Diamond. Proc. of Intem. Confer, on
Modeling and Simulation of Microsystems, Semiconductors, Sensors and
Actuators, MSM, 1999: p. 61.
96. JJE. Reid, The Properties o f Natural and Synthetic Diamond. 1992: Academic
Press, London.
97. T. Watanabe, The Impact o f Grain Boundary Character Distribution on Fracture
i9n Polycrystals. Mater. Sci. Eng. A, 1994.176: p. 39.
98. B. Lawn, Fracture o f Brittle Solids (2nd edn). 1993, N. Y.: Cambridge University
Press.
99. A. Omeltehenko, J. Yu, R. K. Kalia, and P. Vashishta, Crack Propagation and
Fracture in a Graphite Sheet: A Molecular-Dynamics Simulation on Parallel
Computers. Phys. Rev. Lett., 1997.78(11): p. 2148.
100. R. K. Kalia, A. Nakano, A. Omeltehenko, K. Tsuruta, and P. Vashishta, Role of
Ultrafine Microstructures in Dynamic Fracture in Nanophase Silicon Nitride.
Phys. Rev. Lett, 1997.78(11): p. 2144.
101. F. F. Abraham, D. Brodbeck, R. A. Rafey, and W. E. Rudge, Instability Dynamics
o f Fracture: A Computer Simulation Investigation. Phys. Rev. Lett., 1994. 73(2): p.
272.
102. P. Vashishta and A. Nakano, Dynamic Fracture Analysis. Compt. In Sci. & Eng.,
1999.1(5): p. 20.
103. P. Vashishta, R. K. Kalia and A. Nakano, Large-Scale Atomistic Simulations of
Dynamic Fracture. Compt. In Sci. & Eng., 1999.1(5): p. 56.

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

VITA

Xiaotao Su was bom on August 10, 1968, in Inner Mongolia, the People’s
Republic of China, to Zhimao Su and Jinxiu Wang. He attended Cha Su Qi High
School No. 2 and 3 in Huhhot, Inner Mongolia. In 1986, he began his undergraduate
study in the Department of Engineering Physics at Tsinghua University, Beijing. In
1991, he graduated with a bachelor of engineering degree in engineering physics. He
received a master of engineering in engineering physics from the same department at
Tsinghua University in 1993. He worked at Tsinghua University after graduation. In
1996 he entered the doctoral program in the Department of Physics and Astronomy at
Louisiana State University in Baton Rouge, Louisiana. In 1998, he enrolled in the
Dual Degree Program for a master’s degree in system science in the Department of
Computer Science. He married Ye Zhou in May 1999. He received the degree of
Doctor of Philosophy in physics in May 2001 and completed his master’s program in
the Department of Computer Science in June 2001.

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DOCTORAL EXAMINATION AND DISSERTATION REPORT

C a n d id a te s

Xlaotao Su

M a jo r F ie ld :
T it le

Physics

o f D is s e r ta tio n s

InAs/GaAs Quantum Dots and Nanomesas: MultimillionAtom MD Simulations on PSrallel Architectures

A p p ro ved :

V a& L M *

M a jo f /p r o fe s s o r and C h airm an

o f (th e [G ra d u a te S c h o o l

EXAMINING COMMITTEE:

< KL

D a te o f K x a m in a tio n s

4 A p r il 2001

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

